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ABSTRACT 
This report presents the reliability-based analysis of the calibration of resistance factors for the 
Load and Resistance Factor Design (LRFD) of axially loaded drilled shafts. AASHTO’s 2012 
LRFD Bridge Design Specifications recommends various resistance factors for the design of deep 
foundations; however, since these values are not specific to any one region, they are very 
conservative. For Louisiana or Mississippi, the adoption of such recommended resistance factors 
could substantially increase foundation sizes. Therefore, it is necessary to develop a database of 
drilled shaft load tests performed in the regions of Louisiana, Mississippi, and surrounding states 
with similar soil conditions. Sixty-nine drilled shaft load tests were collected from the Louisiana 
and Mississippi Departments of Transportation to develop this database. The measured nominal 
resistances of the drilled shafts were determined at various settlement criteria using the provided 
static load test data, and the predicted resistances were calculated from soil boring data using both 
the 1999 Federal Highway Administration (FHWA) drilled shaft design method (Brown et al.) and 
the 2010 FHWA design method (O’Neill and Reese). The performance of each design method is 
evaluated through statistical analyses of the predicted resistances versus the measured resistances, 
and FOSM and the Monte Carlo simulation method are utilized to perform the LRFD calibration 
of the resistance factors for the Strength I Limit State as defined by AASHTO. The calibration 
performed in this study confirms that the Monte Carlo simulation method is a more accurate and 
reliable method in determining the resistance factors; it also shows that while the 2010 FHWA 
drilled shaft design method is a more accurate method, it produces smaller total resistance factors 
than the 1999 FHWA design method.   
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1.0 INTRODUCTION 
Since the early 1970’s, the design of foundations for bridges, walls, and other geotechnical features 
has been performed using allowable stress design (ASD) while the superstructure has been 
designed using load factor design (LFD). With ASD, all uncertainty in the loads and material 
resistances are combined into a single factor of safety, and, with LFD, design loads (e.g. live loads, 
wind loads) are factored into the design. LFD was a precursor to Load and Resistance Factor 
Design (LRFD) which now incorporates risk assessment into the design by using calibrated load 
and resistance factors based on the known variability of the applied loads and material properties. 
In 1994 the American Association of State Highway and Transportation Officials (AASHTO) 
released the first edition of the LRFD Bridge Design Specifications as an effort to migrate all 
bridge design from ASD to LRFD. This report comprehensively covered the design and 
construction of the structural and geotechnical features of bridges; however, it was found that the 
structural design approach was not consistent with the geotechnical design needs. With the help of 
other countries with an extensive history of LRFD implementation, AASHTO then rewrote the 
foundation design portion of the report and published the new edition in 2005. To begin the 
transition from ASD to LRFD, the Federal Highway Administration (FHWA) released a policy in 
2000 that required all new federally-funded bridges to be designed using the AASHTO LRFD 
specifications by October 2007.  
AASHTO’s bridge design specifications recommend various resistance factors for driven piles and 
drilled shafts based on the soil properties that the foundation will be built upon. These values, 
however, are not specific to any one region and thus are very conservative. For certain states, such 
as Louisiana, the adoption of these recommended resistance factors could substantially increase 
foundation sizes. Starting in 2010, the Louisiana Transportation Research Center (LTRC), in 
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cooperation with the FHWA, has been developing a database of drilled shaft load tests obtained 
from the Louisiana and Mississippi Departments of Transportation. Several LRFD calibrations 
have been performed to develop local resistance factors for drilled shafts. As new specifications 
and guidelines have been published pertaining to the design of drilled shafts and as more drilled 
shaft load tests have been collected, the calibration needs to be updated – leading to the purpose 
of this study. 
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2.0 LITERATURE REVIEW 
The literature review for this study focuses on recent state DOT research efforts and other various 
research efforts performed on the calibration of LRFD resistance factors for drilled shafts. 
2.1 Florida DOT (McVay et al. 1998; McVay et al. 2003) 
In 1998, the University of Florida was contracted by the Florida Department of Transportation 
(FDOT) to calibrate resistance factors for the LRFD of deep foundations, shallow foundations, and 
retaining wall systems. Resistance factors were calibrated by fitting to ASD and using reliability 
theory and were then compared to those recommended by AASHTO (1994). The drilled shaft load 
tests used for this study were conventional static load tests, and the results of the study are given 
in Table 2.1 below. At the time of the study, FDOT had been utilizing Statnamic and Osterberg 
Cell load testing of drilled shafts in addition to the conventional load testing; however, the load 
tests were very limited, and it would not have been feasible to perform a calibration for these two 
load test types. It was recommended that the results of the study from conventional load tests, 
shown in Table 2.1, could also be used for Osterberg Cell load testing and Statnamic load testing.  
Table 2.1 Resistance Factors for Drilled Shafts in All Soil Types (McVay et al. 1998) 
AASHTO (1994) Reliability Fitting 
0.45-0.65 0.50-0.65 0.55 
Over time, there has been an increase in the diameter of drilled shafts and the loads imparted on 
them. This has resulted in testing problems with conventional load test equipment. In response to 
this problem, Berminghammer Foundation Equipment developed the Statnamic device in the early 
1980s, which has a 7500-ton capacity. As previously mentioned, McVay et al. (1998) did not 
consider the Statnamic load test due to insufficient testing data. As a consequence, the resistance 
factors produced from the conventional load test database were taken to be equivalent to that of 
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one from a Statnamic load test database. In 2003, the University of Florida performed another 
study aimed at establishing a new database for both Statnamic load tests and conventional load 
tests and calibrating the new resistance factors. The database consisted of load tests on driven piles 
and drilled shafts with the data separated by type of foundation. Related soil conditions were also 
included in the database with the data separated by geologic formation. 
2.1.1 Database 
Before conducting research, the FDOT already had a database of thirteen drilled shaft Statnamic 
load tests collected from a few state bridge projects and fifteen pile Statnamic load tests and 
conventional top down load tests. Seven of these test piles were in Florida while the other eight 
were in Taiwan and Japan. In order to perform a proper study, more drilled shaft and driven pile 
load tests were collected from AFT and Berminghammer and the Federal Highway Administration 
(FHWA), bringing the database to 27 drilled shaft load tests and 34 driven pile load tests. However, 
only 37 of these 61 load tests achieved the FDOT/Davisson failure criteria for both the Statnamic 
and the conventional static load tests. A summary of the load testing data is shown in Table 2.2. 
Table 2.2 Summary of Load Test Piles (McVay et al. 2003) 
Pile Type Soil Type Location 
SLT Capacity* 
(kN) 
SLD Capacity** 
(kN) 
DS ROCK USA 6200 6480 
DS ROCK USA 5600 4950 
Pipe ROCK JPN 4380 5087 
DP SAND USA 3380 5000 
DP SAND USA 3820 3322 
DP SAND USA 3500 3957 
Pipe SAND JPN 1100 1042 
Other SAND JPN 446 489 
DS SILT USA 1420 2191 
DS SILT USA 1700 2450 
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        (Table 2.2 continued) 
Pile Type Soil Type Location 
SLT Capacity* 
(kN) 
SLD Capacity** 
(kN) 
DS SILT USA 2230 3530 
DS SILT USA 2800 2890 
DS SILT USA 1013 1730 
DS SILT USA 2230 2890 
DS SILT USA 2400 2970 
Pipe SILT USA 1230 1790 
Pipe SILT USA 1300 1380 
Pipe SILT USA 1210 1404 
Pipe SILT USA 1300 1750 
Pipe SILT USA 1810 N/F 
Pipe SILT USA 2380 3850 
DP CLAY USA 1830 3070 
DP CLAY USA 2470 N/F 
Pipe CLAY USA 1668 N/F 
Pipe CLAY USA 2190 2600 
DS CLAY USA 1214 1244 
DS CLAY USA 965 1617 
DS ROCK CAN 4550 3500 
AC SAND CAN 1310 1350 
Pipe ROCK CAN 1560 1800 
DP SILT USA 2470 2360 
Pipe CLAY CAN 1040 2550 
Pipe ROCK CAN 2200 2550 
DS SAND USA 7130 6370 
Pipe CLAY USA 1360 892 
DP SAND JPN 2770 2700 
Pipe SAND JPN 1890 1490 
       *SLT – Static Load Test, **STD – Statnamic Load Test 
2.1.2 Calibration Approach 
A statistical analysis was performed for different scenarios to better understand the behavior of 
Statnamic load testing under various soil and foundation types, as shown in Table 2.3. λR represents 
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the bias factor of the resistance, R, VR represents the coefficient of variation of R, and σR represents 
the standard deviation of R.  Table 2.4 presents a summary of the statistical parameters of the dead 
and live loads that were used in the study. The analyses were run both with and without a rate 
factor, RF, specific to the soil type. The rate factors were obtained from a report submitted to the 
National Cooperative Highway Research Program by Dr. Mullins of the University of South 
Florida (2002). Based on the statistical analysis and the comparison of the static load capacities to 
the corresponding Statnamic derived static capacities, the bias factor and coefficients of variation 
for the ratio of static capacity to Statnamic derived static capacity were determined. The bias 
factors of the measured static capacity to derived Statnamic static capacity ratios without the rate 
factors were generally less than 1.0, indicating that the Statnamic derived static capacity over 
predicts the actual static capacity. Applying the rate factors increased the bias factors to an 
acceptable range. The coefficients of variation were not affected by the rate factors. 
Table 2.3 Statistical Analysis Summary (McVay et al. 2003) 
Case 
With Clay Without Clay 
With RF Without RF With RF Without RF 
λR σR VR λR σR VR λR σR VR λR σR VR 
All 
data 
1.11 0.28 0.25 0.88 0.24 0.27 1.10 0.18 0.16 0.89 0.20 0.22 
Rock - - - - - - 1.07 0.17 0.16 1.00 0.18 0.18 
Sand/ 
Silt 
- - - - - - 1.10 0.18 0.16 0.87 0.19 0.22 
Clay 1.18 0.52 0.44 0.82 0.40 0.49 - - - - - - 
Drilled 
shaft 
1.10 0.20 0.18 0.87 0.23 0.26 1.08 0.16 0.15 0.88 0.23 0.26 
Driven 
pile 
1.12 0.32 0.29 0.89 0.25 0.28 1.10 0.21 0.19 0.89 0.18 0.20 
  Note:  Rate factor for sands = 0.91  Rate factor for clays = 0.65 
             Rate factor for silts = 0.69  Rate factor for rocks = 0.96 
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Table 2.4 Dead and Live Load Statistical Parameters (McVay et al. 2003) 
γD 1.250 
γL 1.750 
λQD 1.080 
λQL 1.150 
COVQD 0.128 
COVQL 0.180 
QD/QL 2.000 
          γ = load factors      D = dead load 
          λ = bias factors      L = live load 
          COV = coefficient of variation 
A target reliability index, βT, of 2.5 was chosen for the driven piles and a reliability index of 3.0 
was chosen for the drilled shafts. Because the factor of safety for the Statnamic load test in ASD 
is unknown, the target reliabilities were taken from the previous LRFD calibration study (McVay 
et al. 1998). Using these target reliabilities and a known relationship between the probability of 
failure and reliability index for a lognormal distribution (Rosenblueth and Esteva, 1972), the 
resistance factors for the seven different cases, with and without the rate factors, were calculated, 
which are shown in Table 2.5.  
The cases with significant clayey soil present were separated from the overall calibration because 
they were found to have a significant effect on the calculated resistance values. The resistance 
factors produced from excluding the clay cases are summarized in Table 2.6. Resistance factors of 
0.70 and 0.65 can be used for Statnamic load test piles and drilled shafts, respectively, in 
noncohesive soils. In soils with significant clayey soil present, it is recommended to reduce the 
resistance factors to 0.60 for both the driven piles and drilled shafts. However, in predominantly 
cohesive soils, a resistance factor is not recommended due to insufficient data. 
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Table 2.5 Summary of Resistance Factors (McVay et al. 2003) 
Case 
Resistance Factor (ϕ) w/ βT = 2.5 Resistance Factor (ϕ) w/ βT = 3.0 
With Clay Without Clay With Clay Without Clay 
w/ RF w/o RF w/ RF w/o RF w/ RF w/o RF w/ RF w/o RF 
All 
data 
0.62 0.47 0.72 0.52 0.52 0.40 0.63 0.45 
Rock - - 0.72 0.52 - - 0.63 0.44 
Sand 
and silt 
- - 0.71 0.64 - - 0.62 0.56 
Clay 0.43 0.27 - - 0.34 0.21 - - 
Drilled 
shaft 
0.70 0.47 0.73 0.48 0.61 0.38 0.64 0.41 
Driven 
pile 
0.58 0.47 0.69 0.55 0.49 0.40 0.60 0.47 
Table 2.6 Recommended Resistance Factors (McVay et al. 2003) 
Foundation Type 
Rock and 
Noncohesive Soils 
Clays 
Sand-Clay-Rock 
Mixed Layers 
Driven Pile (βT = 2.5) 0.70 0.45 0.60 
Drilled Shaft (βT = 3.0) 0.65 0.35 0.60 
2.2 Iowa DOT (Garder et al. 2012; Ng et al. 2014) 
The objective of the study performed by Iowa State University professors was to develop a regional 
LRFD procedure for drilled shafts in Iowa with preliminary resistance factors using a probability-
based reliability theory. A database of local drilled shaft load tests that was developed in 2012 was 
utilized for these purposes. The scope of the study included, but was not limited to, performing a 
literature review of the current design and construction practices of the Iowa DOT and neighboring 
DOTs, analyzing the Drilled SHAft Foundation Testing (DSHAFT) data, quantifying the measured 
capacity of each drilled shaft (a majority of the load test results did not pass the displacement 
requirements), and developing preliminary regional resistance factors.  
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2.2.1 Database 
The DSHAFT database is a quality assured, electronic database, developed by Garder, Sritharan, 
and Roling in 2012, that contains thirty-two drilled shaft load tests provided by the Iowa, Illinois, 
Minnesota, and Missouri DOTs and Nebraska Department of Roads (DOR). One load test was 
also collected from a drilled shaft load test study performed in Tennessee. Detailed information 
from each load test was collected and integrated into a comprehensive database using Microsoft 
Office Access. Recorded information included location, construction details, subsurface 
conditions, drilled shaft geometry, load testing methods and results, and concrete quality. 
Currently, DSHAFT contains 41 drilled shaft load tests from 11 different states, with the majority 
of the load tests being in Iowa, Colorado, and Kansas. Of those 41 tests, only 28 are usable i.e. 
containing the information pertinent to establishing resistance factors, such as structural, 
subsurface, testing, and construction details. The load tests were categorized in many different 
ways: construction methods, testing methods, soil type at the shaft base, and soil type along the 
side of the shaft. The details of each usable drilled shaft load test are summarized in Table 2.7. 
Table 2.7 Summary of Usable DSHAFT Data (Garder et al. 2014) 
State 
D 
(ft) 
L (ft) 
Concrete 
f'c (ksi) 
Geomaterials Construction 
Method 
Testing 
Method Shaft Base 
IA 3.0 12.7 5.86 Rock Rock Wet Osterberg 
IA 4.0 65.8 3.80 Clay+Rock Rock Wet Osterberg 
IA 3.5 72.7 3.44 Mixed+IGM IGM Casing Osterberg 
IA 4.0 79.3 3.90 Clay+IGM+Rock Rock Wet Osterberg 
IA 2.5 64 3.48 Clay Clay Casing Osterberg 
IA 3.0 34 4.10 Clay+Rock Rock Wet Osterberg 
IA 5.5 105.2 3.80 Mixed+Rock Rock Casing Osterberg 
IA 5.0 66.25 5.78 Sand Sand Wet Statnamic 
IA 5.0 55.42 5.58 Mixed Sand Wet Statnamic 
IA 5.0 54.78 5.77 Mixed Sand Wet Statnamic 
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   (Table 2.7 continued) 
State 
D 
(ft) 
L (ft) 
Concrete 
f'c (ksi) 
Geomaterials Construction 
Method 
Testing 
Method Shaft Base 
KS 6.0 49 6.01 IGM IGM Dry Osterberg 
MO 6.0 40.6 6.00 IGM+Rock IGM Dry Osterberg 
KS 3.5 19 4.55 IGM IGM Wet Osterberg 
KS 6.0 34 5.62 IGM IGM Dry Osterberg 
KY 8.0 105.2 N/A IGM+Rock Rock Wet Osterberg 
KS 6.0 26.24 5.42 IGM IGM Dry Osterberg 
MN 6.0 55.3 5.90 Sand Sand Casing Osterberg 
IL 3.5 37.5 4.10 Clay+IGM Rock Dry Osterberg 
IA 5.0 75.17 6.01 Sand Sand Wet Osterberg 
IA 5.0 75 5.63 Sand Sand Wet Osterberg 
TN 4.0 16 5.77 Rock Rock Dry Osterberg 
TN 4.0 23 5.90 Rock Rock Dry Osterberg 
CO 3.5 22.6 3.42 IGM IGM Dry Osterberg 
CO 3.5 16 3.19 Clay IGM Dry Osterberg 
CO 4.0 25.3 3.41 IMG IGM Casing Osterberg 
CO 3.5 40.6 3.94 Rock Rock Casing Osterberg 
CO 3.0 11.25 4.88 Rock Rock Dry Osterberg 
CO 4.0 20 3.54 Rock Rock Casing Osterberg 
2.2.2 Data Quality 
Strict acceptance criteria were put into place to ensure the superior quality of DSHAFT. The level 
of quality of each load test was defined by load test type, the soil and rock classification, cross-
hole sonic logging (CSL), and the information on where the report was obtained. Although various 
load test reports that were collected did not meet the acceptance criteria, they were still put into 
the database. This allows for the missing data, should it be obtained, to be added to complete the 
dataset. To prevent confusion between the complete and incomplete sets, a “Usable Data” category 
was created, and each dataset is identified as usable by a “yes” or a “no”.  
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2.2.3 Calibration Approach 
The modified First Order Second Moment (FOSM) method was selected to determine the 
resistance factors for this study, and the data was verified to fit a lognormal distribution by using 
a hypothesis test based on the Anderson-Darling (AD) (1952) normality method. This test was 
chosen over the more common Chi-Square and the Kolmogorov Smirnov tests because the AD 
method is a better normality test for small sample sizes such as with the DSHAFT database 
(Romeu, 2010). If the calculated AD value is smaller than the corresponding critical value (CV), 
the assumed lognormal distribution characteristic is correct. The equations for the AD and CV 
value are defined as:  
AD = ∑
1−2i
N
{ln(Fo[Zi]) + ln(1 − Fo[ZN+1−i])}
N
i=1 − N  
CV =
0.752
1+
0.75
N
+
2.25
N2
  
where, 
 Fo[Zi]  = cumulative probability density function of Zi = Pr(Z ≤ zi)  
 Pr(  )  = probability function 
 Z = standardized normal distribution of expected resistance bias λR or ln(λR)  
 zi = standardized normal distribution of estimated resistance bias λR or ln(λR) =
Ri−μR
σR
   
      or  
ln Ri−μln R
σln R
  
 λR = resistance bias, a ratio of estimated and measured pile resistances 
 N = sample size 
To be consistent with the LRFD calibration efforts of driven piles in Iowa, a dead load to live load 
ratio of 2.0 was considered in the strength limit state, and various reliability indices, βT, were 
chosen to cover a wide range of design possibilities. The reliability indices were 2.00, 2.33, 2.50, 
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3.00, and 3.50. To evaluate the efficiency of the failure criteria compared to the different design 
methods, the ratios of the resistance factors to the resistance bias were calculated over the given 
range of the reliability indices. The calibration approach was separated into the individual side and 
end bearing resistances of each soil type – clay, sand, rock, and IGM. The various methods utilized 
in predicting the side and end bearing resistances of the drilled shafts are summarized in Table 2.8. 
Table 2.8 Static Analysis Methods (Ng et al. 2014)  
Geomaterial Unit Side Resistance (qs) Unit End Bearing (qp) 
Clay α-method (O’Neill and Reese, 1999) 
Total stress method (O’Neill and 
Reese, 1999) 
Sand 
β-method (Burland, 1973 & O’Neill 
and Reese, 1999) 
Effective stress method (O’Neill and 
Reese, 1989) 
Cohesive 
IGM 
Eq. 2-11 (O’Neill and Reese, 1999) Various 
Cohesionless 
IGM 
Eq. 2-14 (O’Neill and Reese, 1999) Eq. 2-22 (O’Neill and Reese, 1999) 
Rock Eq. 2-16 (Horvath and Kenney, 1979) Various 
There are nine analytical methods available for predicting the unit end bearing resistances in 
cohesive IGM and rock, and six of those methods were chosen to be used in this study because of 
the variability of rock mass conditions that could occur beneath a drilled shaft. A combination of 
these methods was also proposed in this study to simplify the end bearing prediction. The predicted 
side resistances in clay, sand, IGM, and rock were compared to three different failure criteria of 
the measured resistance – the measured resistance obtained directly from the load test report, the 
measured resistance defined by the one-inch top displacement criterion, and the measured 
resistance defined by the 5% of shaft diameter for top displacement criterion. An example of this 
comparison for clay is shown in Figure 2.1. The data sets were found to most closely represent 
lognormal distributions based on the AD method.  
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Figure 2.1 Measured (1-in. Δ) vs. Estimated Side Resistance in Clay (Ng et al. 2014) 
Only one usable data point was available for measured end bearing resistance in clay, so a 
statistical analysis could not be performed to determine the resistance factor for that category. The 
predicted end bearing resistances in sand were compared to the same type of measured resistances 
as performed for the side resistances; however, the predicted end bearing resistances for rock and 
IGM were different. The end bearing resistances were predicted using six different analytical 
methods, and each of these were compared to the three different failure criterion. The majority of 
this data was also lognormally distributed. The total nominal resistance was also analyzed for the 
drilled shafts with 27 data points to compare. After determining all of the resistance factors for 
side, end bearing, and total nominal resistance for the various reliability indices, a target reliability 
index of 3.0 was chosen because a typical drilled shaft cap has four or fewer shafts, which is 
considered a non-redundant drilled shaft foundation. The total, side, and end bearing resistance 
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factors by AASHTO (2010), NCHRP (1991, 2004), and FHWA-NHI (2005). Efficiency factors 
were also generated to compare the three different failure criteria for the drilled shafts. After 
comparing the various resistance factors and efficiency factors, the one-inch top displacement 
criterion was selected to have the most efficiency, and the recommended resistance factors for 
various resistance components based off of this are summarized in Table 2.9. 
Table 2.9 Recommended Resistance Factors for βT=3.0 (Ng et al. 2014) 
Resistance 
Component 
Geomaterial Analytical Method 
Resistance 
Factors 
Total 
Resistance 
All 
Combination of methods depending on subsurface 
profile 
0.60 
Side 
Resistance 
Clay α-method (O’Neill and Reese, 1999) 0.45 
Sand 
β-method (Burland, 1973 & O’Neill and Reese, 
1999) 
0.55 
IGM 
Cohesive: Eq. 2-11 (O’Neill and Reese, 1999) and 
Cohesionless: Eq. 2-14 (O’Neill and Reese, 1999) 
0.60 
Rock Eq. 2-16 (Horvath and Kenney, 1979) 0.55 
End 
Bearing 
Clay Total stress method (O’Neill and Reese, 1999) 0.40 
Sand Effective stress method (O’Neill and Reese, 1989) 0.50 
IGM 
Cohesive: Proposed method and Cohesionless: Eq. 
2-22 (O’Neill and Reese, 1999) 
0.55 
Rock Proposed method 0.35 
All All Static Load Test 0.70 
2.3 New Mexico DOT (Ng & Fazia, 2012) 
The New Mexico Department of Transportation (NMDOT) collected field data of drilled shaft 
load tests performed in cohesionless soils in New Mexico and other states. Field test data from the 
other states were only selected if the soil strength was equal to or greater than that of New Mexico’s 
soils. An LRFD calibration study was performed with this drilled shaft data to adopt a new skin 
friction resistance factor for drilled shafts in cohesionless soils to replace the generic AASHTO 
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recommended resistance factor. Three design equations were used to determine the skin frictional 
resistance and the resulting resistance factors of each were compared. The three methods used in 
the study were the O’Neill and Reese method, the method proposed by the FHWA in 2010, and 
the Unified Design equation. 
2.3.1 O’Neill and Reese Method (O’Neill and Reese, 1999) 
The O’Neill and Reese method uses the beta method to predict the skin friction developed by a 
drilled shaft in cohesionless soil. This skin friction is calculated as: 
fsz = βσz
′   
where σz
′  is the vertical effective stress in the soil at depth, z, and β is the side resistance coefficient. 
β is defined by the following functions: 
SPT ≥ 15 blows 1 ft⁄ :      β = 1.5 − 0.135√z                 0.25 ≤ β ≤ 1.20  
SPT < 15 blows 1 ft⁄ :      β =
SPT
15
(1.5 − 0.135√z)       0.25 ≤ β ≤ 1.20  
In very gravelly sands or gravel, β is defined by: 
SPT ≥ 15 blows 1 ft⁄ :  β = 2 − 0.06z0.75     0.25 ≤ β ≤ 1.80  
For cohesionless soils with SPT values greater than 50, which are defined as cohesionless 
intermediate geomaterials (IGM), the skin friction is defined by: 
fult = σz
′ Ko tan ϕ
′    
where Ko is the at-rest earth pressure coefficient and ϕ is the friction angle. 
2.3.2 NHI Method (FHWA 2010) 
A 2010 FHWA publication proposed a new design equation, which is referred to as the NHI 
Method, for estimating the skin frictional resistance of drilled shafts in cohesionless soils. The skin 
friction is calculated as: 
fult = βσz
′   
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where β is defined as: 
β = (1 − sin ϕ) tan ϕ (
σp
′
σz
′ )
sin ϕ
≤ Kp tan ϕ  
Kp is the Rankine passive earth pressure coefficient, and σp
′  is the preconsolidation pressure. σp
′  is 
defined as: 
σp
′ = 0.47 × PaSPT
m  
where m = 0.6 for clean quartzite sands and m = 0.8 for silty sands to sandy silts. The angle of 
internal friction, ϕ, is obtained from the corrected SPT value, (N1)60, suggested by Kulhawy and 
Chen (2007): 
ϕ = 27.5 + 9.2 log(N1)60  
2.3.3 The Unified Design Equation (Chua et al. 2000) 
The Unified Design Equation, proposed by Chua et al. (2000), predicts the load-carrying capacity 
of drilled shafts in both cohesive and cohesionless soils. For the prediction of skin frictional 
resistance in cohesionless soils, the soil parameters used in the design equation include both the 
internal friction angle and the unit weight. The unit skin frictional resistance, as with the NHI 
Method, is calculated as:  
fult = βσz
′  
where β is defined as: 
β = (1 − sin ϕ) tan ϕ (1 +
Kp
Ko
−1
√1+z
)  
and the internal friction angle is defined as: 
ϕ = 30 + 0.15DR  
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where DR is the relative density. A correlation exists between relative density and SPT blow counts 
(Gibbs and Holtz, 1957) at various depths for cohesionless soils. Chua et al. (2000) introduced an 
equation to quantify this relationship based on regression analysis, given as: 
DR = 20.4 (
σz
′
pa
)
−0.223
SPT0.41  
Chua et al. (2000) developed the equation for the internal friction angle based on the relative 
density; however, DM-7 (U.S. Navy, 1971) developed a correlation between the internal friction 
angle and the relative density for cohesionless soils based on their different soil classifications. 
This relationship, shown in Figure 2.2, is preferred over the other relationship since it considers 
soil classification.  
 
Figure 2.2 Internal Friction Angle (Ng & Fazia, 2012) 
2.3.4 Database 
Drilled shaft load testing data was collected from NMDOT and other U.S. states to develop a 
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rest were from different parts of the U.S. Only 24 of the drilled shaft cases were selected and 
reported. The skin frictional resistance measured in the field was compared to the estimated skin 
frictional resistances from the three different methods. Table 2.10 reports these resistances along 
with its corresponding drilled shaft information. 
Table 2.10 Selected Drilled Shaft Cases (Ng & Fazia, 2012) 
Location 
Field 
(ton) 
O'Neill 
& Reese 
(ton) 
Unified 
(ton) 
NHI 
(ton) 
Load 
Condition 
D 
(ft) 
L  
(ft) 
Iowa 83.6 146.4 81.3 81.2 
Bottom with 
O-cell 
4.0 59.8 
Georgia 152 324.3 337 292.6 
Bottom with 
O-cell 
5.5 60 
Texas 166 244.3 216.9 274.8 
Bottom with 
O-cell 
3.0 34 
Florida 445 383.6 480.4 389.4 
Bottom with 
O-cell 
4.0 46.8 
New 
Jersey 
871 1905.2 1547.9 1767.2 Top load 1.5 68 
Georgia 493 287.2 255.9 263.6 Top load 3.0 60 
New 
Mexico 
571 627.7 380.3 324 Top load 2.8 30 
Alabama 662 625 670.4 664.3 
10 ft from tip  
with O-cell 
4.0 33.2 
New 
Mexico 
1620 1429.2 848.6 1079.4 
Bottom and 
middle with 
O-cell 
6.0 81 
New 
Mexico 
1800 2559.4 2491.7 2526.1 
Bottom and 
middle with 
O-cell 
4.5 52 
Georgia 873.5 1399.7 1115.5 1019.6 Top load 2.6 47 
Arizona 2964 1354.5 1662.6 1580.5 
42 ft from tip  
with O-cell 
6.0 62 
Arizona 778 730.1 942.5 942.5 
42 ft from tip  
with O-cell 
6.0 53 
Arizona 2626.5 2281.4 2608.5 1676.3 
22 ft from tip  
with O-cell 
6.0 90 
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            (Table 2.10 continued) 
Location 
Field 
(ton) 
O'Neill 
& Reese 
(ton) 
Unified 
(ton) 
NHI 
(ton) 
Load 
Condition 
D 
(ft) 
L  
(ft) 
Arizona 1947 1945 1672.7 1439.6 
14 ft from tip  
with O-cell 
6.0 48 
Arizona 1627 1271.9 1308.9 1298.5 
24 ft from tip  
with O-cell 
6.0 77 
Arizona 276 352 653.3 527.6 
24 ft from tip  
with O-cell 
6.0 24.3 
Arizona 1771 1503.4 1475.1 1152.6 
37 ft from tip  
with O-cell 
7.0 115 
New 
Mexico 
705 605.9 613.6 732.3 
Bottom with 
O-cell 
4.0 74.6 
Japan 2527.7 2048.7 2695 1898.9 No data 3.9 134.5 
New 
Mexico 
950 265.7 306.7 240.9 Top load 2.7 40 
Florida 456.8 328.3 332 426.6 O-cell 5.0 90 
Florida 354.8 661.2 481.7 746.5 O-cell 6.0 90 
Florida 404.2 298.2 556.4 503.9 O-cell 5.0 100 
2.3.5 Calibration Approach 
A statistical analysis was performed on the bias obtained from the three different design methods. 
The bias is the ratio of the measured resistance over the predicted resistance. The Unified Deign 
Equation produced the smallest coefficient of variation (COV) of 52%. Table 2.11 summarizes the 
results of this statistical analysis, and Figure 2.3 through Figure 2.5 show the relationships between 
the measured and predicted skin frictional resistances of each design method.  
Table 2.11 Statistical Analysis Summary (Ng & Fazia, 2012) 
Design Method Mean Standard Deviation COV 
O’Neill & Reese 1.14 0.66 0.58 
Unified 1.13 0.59 0.52 
NHI 1.21 0.73 0.60 
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Figure 2.3 O’Neill & Reese Method (Ng & Fazia, 2012) 
 
Figure 2.4 Unified Design Method (Ng & Fazia, 2012) 
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Figure 2.5 NHI Method (Ng & Fazia, 2012) 
The resistance biases were assumed to be lognormally distributed, and the method of best-fit-to-
tail lognormal distribution (Allen et al., 2005) was used to characterize the data, shown in Table 
2.12. These values were selected to be used in the LRFD calibration process instead of the values 
given in Table 2.11 above.  
Table 2.12 Statistical Analysis Summary (Ng & Fazia, 2012) 
Design Method Mean Standard Deviation COV 
O’Neill & Reese 0.95 0.39 0.41 
Unified 1.20 0.68 0.57 
NHI 0.88 0.31 0.35 
The dead and live loads were also assumed to be lognormally distributed. The selected statistical 
parameters of each, given below, are the same as Paikowsky (2004).  
γD = 1.25     λD = 1.05     COVD = 0.10  
γL = 1.75     λL = 1.15     COVL = 0.20  
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The resistance biases were also characterized by a curve-fitted polynomial regression model. Both 
the lognormal and polynomial distribution data were used in the Monte Carlo simulation method 
to determine the resistance factors for each design method for a probability of failure of 1 in 1000. 
Table 2.13 summarizes the results of each. The resistance factors produced by using the curve-
fitted polynomial regression model are higher than the ones produced by assuming a lognormal 
distribution, and it was determined that the polynomial model was more rational.  
Table 2.13 Monte Carlo Simulation Results (Ng & Fazia, 2012)  
Design Method Lognormal Polynomial 
O’Neill & Reese 0.32 0.45 
Unified 0.26 0.49 
NHI 0.37 0.47 
2.4 Louisiana DOTD (Abu-Farsakh et al. 2010; Abu-Farsakh et al. 2013) 
The Louisiana Transportation and Research Center (LTRC), jointly sponsored by the Louisiana 
Department of Transportation and Development (LADOTD) and Louisiana State University, has 
performed multiple LRFD calibration studies over the years as a continuing effort to implement 
LRFD methodology for deep foundations in Louisiana. The first study was performed in 2009 for 
driven piles; fifty-three square precast-prestressed-concrete pile load tests that had been performed 
around the state were collected from LADOTD and used in the calibration. The next study, 
conducted in 2009, calibrated resistance factors for axially loaded drilled shafts. Sixteen drilled 
shaft load tests were obtained from LADOTD, but, because of the limited number of drilled shaft 
load tests performed in Louisiana, an additional fifty load tests were obtained from the Mississippi 
Department of Transportation (MSDOT). Once this study had been published, the FHWA released 
the new 2010 LRFD method for predicting the ultimate resistance of drilled shafts. In turn, the 
LTRC performed another calibration study to update the previous one. In addition to using the 
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updated design method, eight more drilled shaft load test cases from Louisiana were added to the 
database for a total of seventy-four cases.  
2.4.1 Database 
For the first drilled shaft calibration study conducted in 2010, the LTRC was only able to find 
sixteen drilled shaft load tests in LADOTD’s archives. Of those sixteen cases, only eleven met the 
FHWA’s settlement criterion for determining the nominal resistance. Because of the limited 
number of cases, the LTRC then obtained 50 drilled shaft load tests from MSDOT. In order to 
keep the calibration study relevant to the type of soil conditions found in Louisiana, twenty-six of 
the fifty cases in Mississippi were selected based on similar soil type to Louisiana. Of those twenty-
six cases, only fifteen met the FHWA’s settlement criterion. So of the sixty-six cases available in 
the database, only twenty-six cases were used in the calibration study. For the second study 
conducted in 2013, eight new drilled shaft load tests from LADOTD were added to the database 
for a total of thirty-four drilled shaft cases. The diameters of the drilled shafts in these cases range 
from 2 to 6 feet, and the lengths range from 35.1 to 138.1 feet Four drilled shafts were tested using 
conventional top down load tests, and the other twenty-two cases were tested using O-Cells. The 
majority of the soil types encountered include silty clay, clay, sand, clayey sand, and gravel. Table 
2.14 summarizes the locations and characteristics of each drilled shaft used in the study. 
Table 2.14 Drilled Shaft Summary (Abu-Farsakh et al. 2013) 
Location D (ft) L (ft) Soil Type  Load Test 
Caddo, LA 2.5 53.1 Silty Clay, Sand Base  Top Down 
Caddo, LA 2.5 35.1 Clay and Sand, Sand Base  Top Down 
E. Baton Rouge, LA 3 54.1 Clayey Silt, Sand Base  O-cell 
Ouachita, LA 5.5 76.1 Silty Sand, Sand Base  O-cell 
Calcasieu, LA 6 86.9 Stiff Clay, Clay Base  O-cell 
Winn, LA 2.5 77.4 Sand Clay, Sand Base O-cell 
 
24 
 
 
          (Table 2.14 continued) 
Location D (ft) L (ft) Soil Type  Load Test 
Winn, LA 2.5 65 Sand, Clay Base  O-cell 
E. Baton Rouge, LA 2.5 49.9 Silt, Clay, Clay Base O-cell 
Beauregard, LA 5.5 40.7 Clay, Silt, Clay Base  O-cell 
Caddo, LA 3 44.9 Clay, Silty Clay, Clay Base Top Down 
Caddo, LA 3 62 Clay, Sand Base  Top Down 
Union, MS 4.5 49.9 Sand, Sand Base O-cell 
Union, MS 4 73.1 Sand, Clay/Sand Base O-cell 
Washington, MS 4 123 Clay, Sand, Sand Base O-cell 
Washington, MS 4 138.1 Sand, Sand Base O-cell 
Washington, MS 4 119.1 Clay, Sand, Sand Base O-cell 
Washington, MS 5.5 94.1 Sand, Clay, Sand Base O-cell 
Washington, MS 4 96.1 Sand, Sand Base  O-cell 
Washington, MS 4 82 Sand, Gravel, Sand Base O-cell 
Washington, MS 4 97.1 Sand, Clay, Sand Base O-cell 
Washington, MS 4 82 Sand. Sand Base   O-cell 
Lee, MS 4 89 Clay, Clay Base O-cell 
Forrest, MS 6 47.9 Sand, Sand Base O-cell 
Perry, MS 4.5 64 Sand, Clay, Clay Base O-cell 
Wayne, MS 4 64 Sand, Clay Base O-cell 
Madison, MS 2 40 Clay, Clay Base  O-cell 
E. Baton Rouge, LA 4 67.5 Clay, Clay Base  O-cell 
E. Baton Rouge, LA 2.5 81.5 Clay, Clay Base  O-cell 
E. Baton Rouge, LA 4 77.5 Clay, Clay Base  O-cell 
Caddo, LA 6 43 Clay, Sand, Sand Base O-cell 
Caddo, LA 5.5 47.5 Sand, Sand Base  O-cell 
Caddo, LA 5.5 48 Sand, Clay, Sand Base O-cell 
Caddo, LA 5.5 53.85 Clay, Sand, Sand Base O-cell 
Caddo, LA 5.5 51.12 Clay, Sand, Sand Base O-cell 
2.4.2 Calibration Approach 
The first drilled shaft calibration study performed by the LTRC used the 1999 FHWA drilled shaft 
design method to determine the predicted resistances of the drilled shafts, while the second study 
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used the 2010 FHWA drilled shaft design method in addition to the 1999 design method. The 
normalized trend curves given by the two FHWA design methods for determining the load-
settlement behavior of drilled shafts in various soil types were used to predict the drilled shafts’ 
resistances at various settlements. The 1999 FHWA design method gives normalized trend curves 
for side and base load transfer while the 2010 design method only gives the normalized trend curve 
for axial compression.  
The measured side, end bearing, and total resistances of each of the drilled shaft load tests were 
determined from the O-Cell load-settlement curves and the equivalent top-down load-settlement 
curves. The measured nominal resistance of a drilled shaft was selected to be the test load 
corresponding to settlement at 5% of the shaft diameter or the plunging load, whichever occurs 
first. The 5%B method, which is recommended by the FHWA, was selected to be used because 
various statistical studies have shown it to be superior to other methods in producing the closest 
and most consistent capacities. Figure 2.6 shows the predicted load-settlement curves generated 
using the 1999 and 2010 methods and the measured load-settlement curve from the load test of 
one of the drilled shaft cases.  
A few drilled shaft load tests did not meet the 5%B settlement criterion so it was necessary to 
extrapolate the load-settlement curves to estimate the load corresponding to the needed settlement. 
The exponential curve fitting method was chosen as the best method for extrapolating the load-
settlement curves over the hyperbolic, Chin’s, cubic spline, and exponential curve fitting methods. 
Figure 2.7 compares the extrapolated load-settlement curve to measured curve to show the 
accuracy of the method. The extrapolation, however, was only performed on tests that were near 
the 5%B settlement criterion. Load tests that needed large extrapolations were thrown out.  
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Figure 2.6 Predicted and Measured Load-Settlement Curves (Abu-Farsakh et al. 2013) 
 
Figure 2.7 Extrapolated Top-Down Load-Settlement Curve (Abu-Farsakh et al. 2013) 
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The resistance bias factor, which is the measured to predicted resistance ratio, was determined for 
each case, and a statistical analysis was performed to determine the statistical characteristics from 
each design method, which are summarized in Table 2.15 below. The predicted resistances were 
plotted against the measured resistances, and a simple regression analysis was performed to 
determine the line of best fit of the data trend. The regression analysis showed the slope of the best 
fit line for the 2010 FHWA design method to be 1.02, which indicates the method overestimates 
the drilled shafts’ resistances by 2%. On the other hand, the analysis showed the slope of the best 
fit line for the 1999 FHWA design to be 0.79, which indicates the method underestimates the 
resistances by 21%. The average resistance bias for the 1999 design method decreased from the 
1.35 determined in the previous LTRC study, however the slope of the best fit line stayed the same. 
Table 2.15 Statistical Analysis Summary (Abu-Farsakh et al. 2013) 
2010 FHWA Design Method 
Summary Statistics Best Fit 
Calculations Rm/Rp Rp/Rm 
Mean Standard Deviation COV Mean Rfit/Rm 
0.99 0.30 0.30 1.10 1.02 
1999 FHWA Design Method 
Summary Statistics Best Fit 
Calculations Rm/Rp Rp/Rm 
Mean Standard Deviation COV Mean Rfit/Rm 
1.27 0.38 0.30 0.87 0.79 
The Anderson-Darling goodness of fit test was performed on the resistance biases from the 1999 
and 2010 design methods, and it showed that both normal and lognormal distributions fit the data 
with a significance level of 0.05. Histograms were also generated for the resistance biases, and the 
lognormal distribution seemed to better fit the data – the lognormal distribution was chosen to be 
used in the calibration. The same process was conducted on the side and end bearing resistances 
biases, and the lognormal distribution was a better fit for the data.  
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The Monte Carlo simulation method was used in this study to calibrate the resistance factors. The 
equation used in the simulation is given as:  
g(R, Q) = (
γD+γL
QL
QD
φ
) λR − (λD + λL
QL
QD
)  
The statistical characteristics selected for the dead and live loads are the following values: 
γD = 1.25     λD = 1.08     COVD = 0.13  
γL = 1.75     λL = 1.15     COVL = 0.18  
A dead to live load ratio of 3.0 was also used, and the target reliability index was 3.0. 50,000 
simulations were generated, and the total resistance factors for the 2010 and 1999 FHWA design 
methods were determined to be 0.48 and 0.60, respectively. While the resistance factor for the 
2010 design method is much lower than the 1999 method, the 2010 method gives a relatively 
higher efficiency factor. The simulation was also conducted on the side and end bearing resistances 
to determine the resistance factors for each. The side and end bearing factors using the 2010 design 
method were determined to be 0.26 and 0.53, respectively, and the side and end bearing resistance 
factors using the 1999 design method were determined to be 0.39 and 0.52, respectively.  
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3.0 OBJECTIVE 
The objective of this study is to calibrate resistance factors (side, end bearing, and total) for the 
LRFD of axially loaded drilled shafts installed in Louisiana soils based on drilled shaft load test 
information collected from the Louisiana and Mississippi Departments of Transportation. The 
measured nominal resistances of the drilled shafts are determined at various settlement criteria 
using provided static load test data, and the predicted resistances are calculated using both the 1999 
(O’Neill and Reese) and 2010 (Brown, Turner, and Castelli) FHWA drilled shaft design methods. 
Statistical analyses are conducted on the collected data to evaluate the performance of each design 
method, and the LRFD calibration is performed using the First-Order Second-Moment (FOSM) 
and Monte Carlo Simulation method. In addition to calibrating local resistance factors for the 
region, the findings of this study will aid in the revision of previous calibrations performed by the 
Louisiana Transportation Center (LTRC) due to new specifications and guidelines that have been 
published pertaining to the design of drilled shafts and new drilled shaft load tests that have been 
collected.  
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4.0 METHODOLOGY 
4.1 Prediction of Ultimate Resistance of Drilled Shafts  
The 1999 and 2010 FHWA drilled shaft design methods are used in this study to predict the 
ultimate resistances of the drilled shafts. The ultimate axial resistance, Qu, of a drilled shaft consists 
of end bearing resistance, Qb, and skin frictional resistance, Qs. The soil subsurface is divided into 
various layers along the drilled shaft based on the soil type, which are categorized by cohesionless 
and cohesive soil, rock, and intermediate geomaterial (IGM). The ultimate axial resistance of the 
drilled shaft can then be determined from the following equation: 
Qu = Qb + Qs = qbAb + ∑ fsiAsi
n
i=1   
where qb is the unit end bearing resistance, Ab is the cross-sectional area of the base of the drilled 
shaft, fsi is the average unit skin friction of each individual soil layer, Asi is the area of the drilled 
shaft interface with each soil layer, and n is the number of soil layers along the length of the shaft.  
The 1999 FHWA design method was developed by O’Neill and Reese, and the 2010 design method 
was developed by Brown, Turner, and Castelli. The methodology of determining the unit end 
bearing resistance and average unit skin friction from these methods and the various differences 
between them have been evaluated and are outlined in the following sections.  
4.1.1 Cohesive Soil 
For drilled shafts in clay, the unit skin resistance, fs, is determined using the static α-method. This 
method assumes the unit skin resistance is independent of the effective overburden pressure and 
can be determined from the undrained shear strength of the soil, Su. This is expressed as: 
fs = Suα   
where α is an empirical shear strength reduction factor. This reduction factor, which depends on 
the strength of the clay, the depth of the clay layer, and the type of drilled shaft, is outlined in Table 
31 
 
 
4.1 below. For the 2010 FHWA design method, however, the type of drilled shaft base is not a 
determining factor in the shear strength reduction factor.  
Table 4.1 Shear Strength Reduction Factor Values (O’Neill & Reese, 1999) 
Depth α Su Pa⁄  
0 ̶ 5 ft 0 N/A 
Bottom on diameter or one 
shaft diameter above bell, if 
any (1999 method only) 
0 N/A 
>5 ft 
0.55 ≤ 1.5 
0.55 ‒ 0.1(Su/Pa ‒ 1.5) 1.5 ≤ Su/Pa ≤ 2.5 
 Pa: atmospheric pressure (2,116 psf or 14.7 psi) 
Bearing capacity theory is applied to drilled shafts that are bearing on cohesive soils to determine 
the unit end bearing resistance. The angle of internal friction is taken to be zero, and, as with typical 
drilled shafts, the load is axial and the ground surface is horizontal. This reduces the general 
bearing capacity equation to: 
qb = NcSu  
where Nc is the bearing capacity factor and Su is the mean undrained shear strength of the cohesive 
soil over a depth of 2B below the base, where B is the diameter of the drilled shaft. For both the 
1999 and 2010 FHWA design methods, Nc can be determined from the following: 
Nc = 1.33(ln Ir + 1)  
Ir is the rigidity index of the soil and is expressed as: 
Ir =
Es
3Su
  
where Es is the Young’s modulus of the soil. If Es of the soil is unknown, it can reasonably be 
assumed to be a function of the undrained shear strength as shown in Table 4.2. 
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Table 4.2 Rigidity Index Values for Cohesive Soil (O’Neill & Reese, 1999) 
Su (tsf) Ir = Es/3Su Nc 
0.25 50 6.5 
0.50 150 8 
1.00 250 8.7 
2.00 300 8.9 
If the soil has an undrained shear strength greater than 1.0 tsf, then Nc can be assumed to be 9.0 
with sufficient accuracy. If the length of the drilled shaft is less than 3B, then the unit end bearing 
resistance should be taken to be: 
qb =
2
3
NcSu (1 +
L
6B
)  
4.1.2 Cohesionless Soil 
For drilled shafts in sand, the β-method is used to determine the unit skin resistance. This method 
uses the normal force acting on the soil-shaft interface to determine the unit skin resistance, which 
is a directly proportional relationship. For the 1999 design method, this resistance is expressed as:  
fsz = Kσz
′ tan δ = βσz
′   
where K is the lateral earth pressure coefficient at the soil-shaft interface, σz
′  is the vertical effective 
stress in the soil at depth, z, and β is the side resistance coefficient. Since this equation for skin 
resistance is nonlinear, it is assumed to remain constant at depths greater than 30 feet. K and δ are 
generally unknown values so they are combined into one factor, β, that has various functions 
depending on the SPT of the cohesionless soil. These functions were determined from a database 
of compression loading tests (O’Neill and Hassan, 1994), which are defined as: 
 SPT ≥ 15 blows 1 ft⁄ :     β = 1.5 − 0.135√z                    0.25 ≤ β ≤ 1.20  
SPT < 15 blows 1 ft⁄ :      β =
SPT
15
(1.5 − 0.135√z)       0.25 ≤ β ≤ 1.20  
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In very gravelly sands or gravel, β is expressed as: 
SPT ≥ 15 blows 1 ft⁄ :  β = 2 − 0.06z0.75     0.25 ≤ β ≤ 1.80  
It can be seen that for this method, β is a function of depth below the ground surface. Chen and 
Kulhawy (2002) presented a more rational approach that considers the soil strength and in-situ 
state of stress. Their method was adopted in the 2010 FHWA design method, and β, which is now 
dependent on the lateral earth pressure coefficients instead of the SPT values, is defined as: 
β = K0 (
K
K0
) tan ϕ′ = (1 − sin ϕ′) (
σp
′
σz
′ )
sin ϕ′
tan ϕ′ ≤ Kp tan ϕ
′  
where ϕ′ is the effective stress friction angle of the soil, σp
′  is the effective vertical 
preconsolidation stress, and Kp is the passive earth pressure coefficient. β is limited near the ground 
surface and should be taken as the β value corresponding to a depth of 7.5 feet The effective 
vertical preconsolidation stress can be estimated by the following correlation in cohesionless soils: 
σp
′
Pa
≈ 0.47(SPT)m  
where m is 0.6 for clean quartzitic sands or 0.8 for silty sands to sandy silts.  
Bearing capacity theory for determining the end bearing resistance of drilled shafts in cohesionless 
soils is less reliable than in cohesive soils. As another approach, direct empirical correlations 
between the SPT N-values and unit end bearing resistance were determined from load test studies, 
and the recommended correlation between the two (Reese and O’Neill, 1989) is defined as: 
qb = 0.60N ≤ 30 tsf  
where N is the average SPT N-value between the base of the drilled shaft and two diameters 
beneath the base. This correlation is limited to SPT N-values of 50 blows per foot or less. For N-
values greater than 50 blows/ft, the resistance is limited to the upper bound of 30 tsf, as indicated.  
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4.1.3 Cohesionless IGM 
Cohesionless soils are classified as IGM when the SPT N-values are greater than 50 blows/ft. The 
1999 FHWA design method differentiates between cohesionless soils and IGM, while the 2010 
method does not. The unit skin resistance for cohesionless IGM soils can be determined by: 
fsz = σz
′ Koz tan ϕ
′  
where Koz is the lateral at-rest earth pressure coefficient at depth, z. For drilled shafts that are 
bearing on cohesionless IGM, the unit end bearing resistance can be determined by: 
qb = 0.59 (N
Pa
σz
′ )
0.8
σz
′   
where N is the average SPT N-value two diameters below the base of the shaft. 
4.2 Measured Resistance of Drilled Shafts  
One of the common ways to perform a compressive load test on a drilled shaft is to utilize a 
hydraulic jack installed congruously with the shaft, which is more commonly known as an 
Osterberg cell (O-cell), developed by Osterberg in 1992. Unlike the conventional top-down load 
testing of drilled shafts, the O-cell creates for bi-directional testing. It is typically installed at or 
near the bottom of the shaft and can separately measure side friction and end bearing resistance; 
when the O-Cell is not installed at or near the bottom of the shaft, the results obtained from the 
load test should be adjusted to account for the additional skin frictional resistance that is measured 
by the downward base of the O-Cell. Typical results obtained from an O-cell load test look like 
that of Figure 4.1, with the upward displacement of the shaft measured as the skin frictional 
resistance and the downward displacement measured as the end bearing resistance. An equivalent 
top-down load settlement curve, shown in Figure 4.2, can then be constructed using the data from 
the two individual curves. To determine the measured nominal resistance of the drilled shaft, a 
specified displacement value, such as 5% of the shaft diameter or one-inch, is chosen as the desired 
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criterion for the drilled shaft capacity. The test load corresponding to the specified displacement 
criterion is taken as the measured nominal resistance of the drilled shaft.  
 
Figure 4.1 O-cell Load Settlement Curve 
 
Figure 4.2 Equivalent Top-Down Load Settlement Curve 
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4.3 Drilled Shaft Load Test Database 
The database consists of sixty-nine drilled shaft load tests that have been collected over the past 
few years through various research projects conducted by the Louisiana Transportation Research 
Center (LTRC) – forty-four of the load tests are from Mississippi and twenty-five are from 
Louisiana. The measured and predicted skin frictional, end bearing, and total nominal resistances 
are based on the capacity corresponding to the settlement at 5% of the shaft diameter (5%B) or 
settlement at one-inch. All of the drilled shafts in this study were tested using O-cells. The 
diameters of the drilled shafts range from 2 to 7.5 feet and, the lengths range from 16.9 to 175 feet 
with the soil types including sand, silt, clay, and other various mixtures. The soil stratification and 
properties, drilled shaft characteristics, and load test data were analyzed and compiled for each 
case. A summary of the characteristics of each case is shown in Table 4.3. See Appendix A for 
tables and figures of the predicted and measured side, end bearing, and total resistances. 
Table 4.3 Summary of Drilled Shaft Characteristics 
Load Test 
No. 
Location  
(County, State) 
D (ft) L (ft) Soil Type (Tip) 
LT-8193-1 Monroe, MS 5 35.5 Sand, Clayey Silt  
LT-8193-2 Monroe, MS 4.5 33.8 Sand, Clayey Silt 
LT-8194 Lee, MS 4 38.3 Silty Clay 
LT-8212 Pontotoc, MS 4.5 31.3 Sand, Rock 
LT-8341 Wayne, MS 5.5 18 Clay with Sand 
LT-8371-1 Clarke, MS 4 26.5 Marl 
LT-8371-2 Clarke, MS 6 36.1 Clay with Sand 
LT-8373 Oktibbeha, MS 3.5 29 Clay 
LT-8412-1 East Baton Rouge, LA 2.5 50 Firm Sandy Silt with Clay Streaks 
LT-8412-2 East Baton Rouge, LA 3 54 Firm Sandy Silt with Clay Streaks 
LT-8461-1 Oktibbeha, MS 4 42.5 Clay, Chalk 
LT-8461-2 Oktibbeha, MS 4 49.16 Sandy Silt (Chalk) 
LT-8467 Beauregard, LA 5.5 62.17 Silty Sand 
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(Table 4.3 continued) 
Load Test 
No. 
Location  
(County, State) 
D (ft) L (ft) Soil Type (Tip) 
LT-8470 Ouachita, LA 5.5 76.6 Elastic Silt 
LT-8487 Perry, MS 4.5 29.53 Sandy Clayey Silt, Silty Sand 
LT-8488-1 Wayne, MS 4 42.3 Clay, Silty Sand 
LT-8488-2 Wayne, MS 4 23 Silty Clay, Silty Sandy Clay 
LT-8578 Jackson, MS 7.5 125.5 Medium Sand with Gravel 
LT-8618 Jefferson, MS 4 17.16 Clay 
LT-8655 Washington, MS 6.5 91.5 Silty Sand with Clay 
LT-8745 Hancock, MS 5 33.61 Clayey Silt with Sand 
LT-8786 Forrest, MS 6 47.64 Coarse Sand & Gravel 
LT-8788 Madison, MS 2 40 Clay 
LT-8800-1 Washington, MS 4 123.23 
Medium Dense to Dense Sand with 
Gravel 
LT-8800-2 Washington, MS 4 133.01 Dense to Very Dense Sand 
LT-8800-3 Washington, MS 4 110.43 Medium Dense Sand with Gravel 
LT-8800-4 Washington, MS 5.5 93.24 Fine to Coarse Gravel 
LT-8800-5 Washington, MS 4 94.72 Very Dense Sand with Gravel 
LT-8800-6 Washington, MS 4 82.58 Very Dense Sand with Gravel 
LT-8800-7 Washington, MS 4 96.78 Loose to Dense Sand 
LT-8800-8 Washington, MS 4 82.61 Sand with Gravel 
LT-8825 Harrison, MS 6 74.9 Clay, Sand 
LT-8829-1 Desoto, MS 5 49.87 Silty Sand with Clay 
LT-8829-3 Desoto, MS 4 16.99 Silty Sand with Clay 
LT-8829-4 Desoto, MS 5 47.44 Silty Sand with Clay 
LT-8905 Covington, MS 4.5 16.9 Clay with Silt 
LT-8912-1 Pontotoc, MS 4 39.5 Sandy Silty Clay & Silt 
LT-8912-2 Pontotoc, MS 4 34.2 
Sandy Silt & Clayey Sand; Clayey, 
Sandy Silt 
LT-8944 Beauregard, LA 5.5 40.6 Silty Sand with Lean Clay Streaks 
LT-8954-1 Desoto, MS 4.5 37 Silty Sand 
LT-8954-2 Desoto, MS 4 53.2 Silt with Silty Clay 
LT-8961-1 Winn, LA 2.5 23.6 Sandy Clay 
LT-8961-2 Winn, LA 2.5 65 Silty Fine Sand 
LT-8981 Union, MS 4.5 49.5 Sand 
LT-9147 Adams, MS 3 39 Sand with Organics 
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(Table 4.3 continued) 
Load Test 
No. 
Location  
(County, State) 
D (ft) L (ft) Soil Type (Tip) 
LT-9191 Grenada, MS 5 64 Organic, Silty Sand with Silty Clay 
LT-9262 Lauderdale, MS 5 35 Sand 
LT-9263 Laurel, MS 4 89 Sandy Silt 
LT-9280-1 Warren, MS 4 67.2 Sand 
LT-9280-2 Warren, MS 7 175 Clay 
LT-9280-3 Warren, MS 6 94.9 Sand with Gravel 
LT-9459-2 East Baton Rouge, LA 4 67.5 Very Stiff Clay 
LT-9459-3 East Baton Rouge, LA 2.5 81.5 Hard Clay 
LT-9459-4 East Baton Rouge, LA 4 78.5 Medium Clay 
LT-9473-1 Caddo, LA 6 39.3 Clay with Sand 
LT-9473-2 Caddo, LA 5.5 45.6 Sandy Clay with Sand Layer 
LT-9597-1 Caddo, LA 5.5 46.2 Sand 
LT-9597-2 Caddo, LA 5.5 53.41 Sand with Clay & Silt 
LT-9694-1 Caddo, LA 5.5 50.1 Clay 
LT-9694-3 Caddo, LA 5.5 96.8 Clay with Silt Lenses 
LT-9694-4 Caddo, LA 5.5 43.4 Clayey Sand 
LT-9934-1 Caddo, LA 5.5 45 Sand with Gravel & Trace Silt 
LT-9934-3 Caddo, LA 4.5 57 Sandy Silt 
LT-9934-4 Caddo, LA 5.5 55.6 Silty Sand 
LT-9934-5 Caddo, LA 5.5 34.3 Clay 
LT-9938-1 Caddo, LA 5.5 35.37 Sand with Silt 
LT-9938-3 Caddo, LA 4.5 42.5 Sand with Gravel 
LT-9950-1 Caddo, LA 5.5 70.14 Clay 
LT-9950-2 Caddo, LA 5.5 47.6 Sandy Clay 
4.4 Drilled Shaft Nominal Resistance 
The measured nominal resistance of each drilled shaft was determined by the test load 
corresponding to the settlement at 5%B and one-inch, an example of which is shown in Figure 4.3. 
Most of the load-settlement curves did not meet the 5%B criterion and required extrapolation to 
determine an estimate of the measured nominal resistance. A study performed by Abu-Farsakh et 
al. (2010) in a similar LRFD calibration report showed that exponential curve fitting is the best 
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method for extrapolation over hyperbolic, Chin’s method, and cubic spline. Figure 4.4 illustrates 
the use of the exponential curve fitting method to extrapolate the measured nominal resistance.  
 
Figure 4.3 Measured Nominal Resistance at 5%B 
 
Figure 4.4 Extrapolation of Load-Settlement Curve 
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The predicted nominal resistances of each drilled shaft at 5%B and one-inch of settlement are 
determined by the methods outlined in the FHWA design methods. Normalized average trend 
curves are provided for predicting load-settlement behavior of drilled shafts in cohesionless and 
cohesive soils. The normalized trend curves given in the 2010 design method are shown in Figure 
4.5 (Chen and Kulhawy 2010), and the trend curves given in the 1999 design method are shown 
in Figure 4.6 (O’Neill and Reese 1999). The resistance developed by each soil layer is calculated 
using a ratio of the settlement to the diameter of the shaft. Various settlement points are chosen to 
develop the load-settlement curve. This allows for the predicted nominal resistance to be 
determined at a given tolerable displacement, 5%B and one-inch in this case. For the 2010 design 
method, however, the normalized trend curve is only for determining the total nominal resistance. 
To generate the predicted side resistance and end bearing load settlement curves, the predicted side 
and end bearing resistances were assumed to be directly proportional to that of the 1999 method.  
 
Figure 4.5 2010 Normalized Trend Curves (Brown et al. 2010) 
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Figure 4.6 1999 Normalized Trend Curves (O’Neill & Reese, 1999)  
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normal or lognormal distribution. The relevant parameters in quantifying the variability of each 
include the mean, standard deviation, and coefficient of variation. The mean value, μ, is given as: 
μ =
1
N
∑ xi  
where N is the number of data values and xi represents each individual value of the data set being 
analyzed from i to N. The standard deviation is given as: 
σ = √
∑(xi−μ)
2
N−1
  
and the coefficient of variation is given as: 
COV =
σ
μ
  
The basic concept behind LRFD is illustrated in Figure 4.7(a) with the normal distributions of the 
occurrence frequencies of the load effect, Q, and the resistance, R. A limit state occurs when Q is 
greater than R, represented by the shaded area. The difference between R and Q, the limit state 
function, can be evaluated, and the limit state is reached when g = 0. Any negative values obtained 
from this function, when g < 0, indicate that the structure is unsafe. A reliability analysis can then 
be performed to determine the probability of failure, shown in Figure 4.7(b). Estimating the 
probability of failure for problems with multiple random variables can become very complex. 
Because of this, failure is represented in terms of another quantity called the reliability index, βT. 
βT is a measure of how far the mean value of the distribution is from the origin, in other words 
how far it is from failure. For a simple limit state function, with normally distributed resistance 
and load variables, βT can be determined by: 
βT =
μR−μQ
√σR2+σQ2
  
where μR and μQ are the mean values of R and Q, and σR and σQ are the standard deviations. 
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Figure 4.7 Reliability Concepts (Abu-Farsakh et al. 2013) 
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where COVR and COVQ are the coefficients of variance of R and Q.  
The geotechnical LRFD strength limit state of an axially loaded drilled shaft is expressed as: 
φRn ≥ ∑ γiQni   
where ϕ is the resistance factor, Rn is the nominal resistance of the drilled shaft, γi is the load 
factor, and Qni is the nominal axial load. Combining this equation with the performance limit state 
function gives the limit state function for LRFD: 
g(R, Q) = ∑ γiQni − ∑ φRni   
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foundation design, however, is usually considered to only be governed by the strength limit state. 
The Strength I Limit State, which is evaluated in this study, only considers dead and live loads. 
For the given load combinations for the Strength I Limit State, the resistance portion of the LRFD 
limit state equation becomes: 
φRn = γDQD + γLQL  
where γD and γL are the load factors for dead and live load, respectively, and QD and QL are the 
dead and live loads, respectively. The load factors suggested by the AASHTO LRFD specifications 
for the Strength I Limit State are given below along with the statistical parameters of the dead and 
live loads that can be used for this limit state: 
γD = 1.25     λD = 1.08     COVD = 0.13  
γL = 1.75     λL = 1.15     COVL = 0.18  
where λD and λL are the load bias factors and COVD and COVL are the coefficients of variation for 
the dead and live load variables, respectively (Nowak, 1999).  
The load bias factor for the resistance of a drilled shaft is a measure of the variation of the measured 
drilled shaft resistance, Rm, to the predicted nominal resistance, Rp, which is defined as: 
λR =
Rm
Rp
    
Histograms of the bias values from each drilled shaft case are generated, and theoretical frequency 
distributions for various distribution types, such as normal and lognormal distributions, are 
generated and compared to the observed values. A normalized error is calculated for each bin range 
used in the histogram, and the sum of the errors can be used to show which distribution type best 
fits the data – this is known as the χ2 Test. Based on the desired significance level for fitting to a 
specific distribution, a maximum error value can be determined, and this value is used to compare 
to the sum of errors between the observed and theoretical values generated in the histogram.  
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4.5.1 First Order Second Moment Method 
Approximating the probability of failure for simple limit state functions can be accomplished by 
using closed-form solutions, which is a simple and easy process. However, finding closed form 
solutions for more complex limit state functions, such as the LRFD Strength I Limit State equation, 
is extremely difficult; this can be overcome, however, by using the First Order Second Moment 
(FOSM) method which uses a linearized form of the Taylor series expansion. If both the load and 
resistance distributions are perfectly lognormal, the limit state function is a product of random 
variables, and g = R/Q – 1, the closed form solution developed by Withiam et al. (1998) and Nowak 
(1999) as mentioned earlier can be used to determine the reliability index. By modifying the 
formula to include the load and resistance values and a resistance factor, the solution results in the 
following: 
φ =
λR(
γDQD
QL
+γL)√
1+COVL
2+COVD
2
1+COVR
2
(
λDQD
QL
+λL)exp{βT√ln[(1+COVR
2 )(1+COVL
2+COVD
2 )]}
  
4.5.2 Monte Carlo Simulation Method 
While the FOSM method is a very quick and easy method to use, it is not completely accurate for 
this type of application. On the other hand, the Monte Carlo simulation method provides a more 
feasible and accurate way to determine the probability of failure for the LRFD Strength I Limit 
State function (Allen et al. 2005). This method simulates the physical domain by generating a 
chosen number of virtual observations based on the random variable statistical parameters of the 
limit state function. The limit state equation used for the simulation in this study is given below: 
g(R, Q) = (
γD+γL
QL
QD
φ
) λR − (λD + λL
QL
QD
)  
The procedure for the Monte Carlo simulation, in its simplest form, is outlined as follows: 
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1. Generate random numbers for each random variable by using the statistical parameters of 
each. The number of simulations, N, to generate is dependent on the desired level of 
accuracy – the higher the number of simulations, the more accurate the model. The number 
of simulations is dependent on the target probability of failure and coefficient of variation 
of the results. 
2. Evaluate the limit state function with the generated values and assume a trial resistance 
factor, ϕ.  
3. Record the number of failures (g ≤ 0), Nf. The probability of failure, Pf, and reliability 
index, βT, can then be calculated as: 
Pf =
Nf
N
             βT = Φ
−1(1 − Pf)  
4. If the calculated reliability index is different from the target reliability index, βT, a new trial 
resistance factor should be assumed. The process is repeated until βT is achieved. 
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5.0 DISCUSSION OF RESULTS 
5.1 Statistical Analyses 
Statistical analyses were conducted on twelve sets of data consisting of the following: 
1. Total, side, and end bearing resistance analyses for 66 cases using the 1999 FHWA design 
method and the 5%B settlement criterion 
2. Total, side, and end bearing resistance analyses for 66 cases using the 2010 FHWA design 
method and the 5%B settlement criterion  
3. Total, side, and end bearing resistance analyses for 65 cases using the 1999 FHWA design 
method and the one-inch settlement criterion 
4. Total, side, and end bearing resistance analyses for 65 cases using the 2010 FHWA design 
method and the one-inch settlement criterion 
5.1.1 Total Resistance Analysis 
The total resistance bias factor for each drilled shaft case was calculated, and the results were 
compiled for the 1999 and 2010 FHWA design methods, as well as for the 5%B and one-inch 
settlement criteria. By comparing the nominal measured to predicted resistances, a general trend 
could be observed for each design method and settlement criterion, however a few outliers could 
be observed in the data. These cases were removed from the statistical analysis. For the remaining 
drilled shaft cases, histograms of the bias factors were generated to determine the distribution type 
of the data, as shown in Figure 5.1 through Figure 5.4. Based on the statistical characteristics of 
each data set, theoretical frequencies for normal and lognormal distributions were generated and 
compared to the observed values. The statistical characteristics of the bias values for each design 
method and settlement criteria are presented in Table 5.1. These values were used in generating 
the theoretical normal and lognormal curves as shown in Figure 5.1 through Figure 5.4. 
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Figure 5.1 Determination of Distribution Type – 1999 FHWA Design Method, 5%B 
 
Figure 5.2 Determination of Distribution Type – 2010 FHWA Method, 5%B 
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Figure 5.3 Determination of Distribution Type – 1999 FHWA Method, 1-inch 
 
Figure 5.4 Determination of Distribution Type – 2010 FHWA Method, 1-inch 
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The sum of the errors shows which distribution type best fits the data. With a significance level of 
10%, the lognormal distribution passes the χ2 Test, while the normal distribution does not.  
Table 5.1 Statistical Characteristics of Bias Values – Total Resistance 
1999 Design Method – 5%B  
Normal Values Lognormal Values 
μ 1.496 μlnx 0.285 
σ 0.771 σlnx 0.485 
2010 Design Method – 5%B 
Normal Values Lognormal Values 
μ 1.169 μlnx 0.028 
σ 0.630 σlnx 0.505 
1999 Design Method – 1-inch 
Normal Values Lognormal Values 
μ 1.417 μlnx 0.226 
σ 0.747 σlnx 0.495 
2010 Design Method – 1-inch  
Normal Values Lognormal Values 
μ 1.203 μlnx 0.071 
σ 0.608 σlnx 0.477 
Another method for determining the distribution type of the data is to plot the observed and 
theoretical resistance bias distributions against the standard normal variable, which is also known 
as plotting on “probability paper”. The cumulative distribution function (CDF) of the resistance 
biases is plotted in an effort to make it visually easier to determine the distribution type. As shown 
on Figure 5.5 through Figure 5.8, the observed resistance bias values were plotted along with the 
theoretical normal and lognormal bias values. As expected, the normal distribution forms a straight 
line while the lognormal distribution forms a curve. The lognormal curve is shown to best fit the 
observed bias value distribution. 
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Figure 5.5 CDF of Resistance Bias – 1999 FHWA Method, 5%B 
  
Figure 5.6 CDF of Resistance Bias – 2010 FHWA Method, 5%B 
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2
S
ta
n
d
ar
d
 N
o
rm
al
 V
ar
ia
b
le
, 
z
1999 Design Method Bias, λR
Observed
Normal
Lognormal
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
0.0 0.6 1.2 1.8 2.4 3.0 3.6
S
ta
n
d
ar
d
 N
o
rm
al
 V
ar
ia
b
le
, 
z
2010 Design Method Bias, λR
Observed
Normal
Lognormal
52 
 
 
 
Figure 5.7 CDF of Resistance Bias – 1999 FHWA Method, 1-inch 
 
Figure 5.8 CDF of Resistance Bias – 2010 FHWA Method, 1-inch 
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5.2.2 Side and End Bearing Resistance Analysis 
As with the total resistance analysis, the side resistance and end bearing resistance bias factors for 
each drilled shaft case were calculated, and the results were compiled for the 1999 and 2010 
FHWA design methods, as well as for the 5%B and one-inch settlement criteria. Table 5.2 presents 
the statistical analysis results from all three resistance analyses for comparison of the performance 
of the FHWA design methods and the settlement criteria for determining the measured nominal 
resistance. It can be seen that all of the methods are on the conservative side in prediction of the 
nominal resistance of the drilled shafts and that the side and end bearing resistance biases have 
higher variations than the total resistance biases for each of the methods.  
Table 5.2 Statistical Characteristics of Bias Values – Side, End Bearing, & Total Resistances 
1999 Design Method – 5%B 2010 Design Method – 5%B 
 Side  End Total  Side End Total 
μ 1.57 1.77 1.50 μ 1.22 1.38 1.17 
σ 0.87 1.61 0.77 σ 0.66 1.33 0.63 
COV 0.55 0.91 0.52 COV 0.54 0.96 0.54 
1999 Design Method – 1-inch 2010 Design Method – 1-inch 
 Side  End Total  Side End Total 
μ 1.39 1.85 1.42 μ 1.17 1.61 1.20 
σ 0.78 1.55 0.75 σ 0.59 1.43 0.61 
COV 0.56 0.84 0.53 COV 0.50 0.89 0.51 
 
5.2 LRFD Calibration 
The FOSM and Monte Carlo simulation methods were used in this study to calibrate the resistance 
factors for drilled shafts designed using the new LRFD design methodology. Both of the 1999 and 
2010 FHWA drilled shaft design methods were used along with the 5%B and one-inch settlement 
criteria to evaluate the performance of the various methods. To be consistent with the LRFD 
calibration of drilled shafts in the Louisiana region, the values of the dead and live load factors 
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and their corresponding statistical characteristics used for the FOSM and the Monte Carlo 
simulation methods are as described in the previous section. The load and resistance random 
variable statistical characteristics used in the analyses are presented in Table 5.3.  
Table 5.3 Load and Resistance Variable Summary 
βT 3.0 QL/QD 0.33 
γD 1.25 γL 1.75 
λD 1.08 λL 1.15 
COVD 0.13 COVL 0.18 
1999 FHWA Design Method 
5%B 1-inch 
λR 1.50 λR 1.42 
σR 0.77 σR 0.75 
2010 FHWA Design Method 
5%B 1-inch 
λR 1.17 λR 1.20 
σR 0.63 σR 0.61 
5.2.1 Total Resistance Factors 
Using the closed-form FOSM formula, as given in Section 5.5.1, the total resistance factors for the 
1999 design method using the 5%B and one-inch settlement criteria were determined to be 0.34 
and 0.31, respectively, and the total resistance factors for the 2010 design method using the 5%B 
and one-inch settlement criteria were determined to be 0.25 and 0.28, respectively.  
For a target probability of failure of 0.135% and coefficient of variation of 10% in the Monte Carlo 
simulation results, Figure 5.9 shows that 10,000 simulations would typically be sufficient for 
generating the resistance bias, λR, using the lognormal distribution; however, 75,000 simulations 
were used in this study to be conservative.  
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Figure 5.9 COV Convergence of Monte Carlo Simulation Results 
Through trial and error, the total resistance factors for the 1999 design method using the 5%B and 
one-inch settlement criteria were determined to be 0.38 and 0.34, respectively, and the total 
resistance factors for the 2010 design method using the 5%B and one-inch settlement criteria were 
determined to be 0.27 and 0.31, respectively. A summary of the simulation results is presented in 
Table 5.4. The resistance factor curves plotted against the reliability index error are shown in 
Figure 5.10 and Figure 5.11, and the bottom of each curve, where the lowest error occurs between 
the generated reliability index and the target reliability index, gives the optimum resistance factor.  
Table 5.4 Monte Carlo Simulation Results – Total Resistance 
1999 Design Method – 5%B 1999 Design Method – 1-inch 
ϕ Nf Pf (%) βT ϕ Nf Pf (%) βT 
0.38 101 0.135 3.00 0.34 101 0.135 3.00 
2010 Design Method – 5%B 2010 Design Method – 1-inch 
ϕ Nf Pf (%) βT ϕ Nf Pf (%) βT 
0.27 101 0.135 3.00 0.31 101 0.135 3.00 
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Figure 5.10 Optimum Resistance Factor Curve – 5%B  
 
Figure 5.11 Optimum Resistance Factor Curve – 1-inch 
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While the Monte Carlo simulation method is a reliable and fairly accurate method to use in 
calibration, the First Order Reliability Method (FORM) is the most accurate method that can be 
used. Using FORM for LRFD calibration, however, is very complex and is outside the limits of 
this study. As a check for the Monte Carlo results from this study, a FORM spreadsheet for LRFD 
calibration was obtained from the LTRC, and it produced the same resistance factors as described 
before. Table 5.5 presents the total resistance factors determined from this study and the other 
similar studies, as discussed in Section 2.0, to compare the results from each. 
Table 5.5 Calibration Results from Various Studies 
State Capacity Method Resistance Factor 
Florida (1998, 
2003) 
FHWA Methodology 
0.65 (rock, noncohesive soil) 
0.35 (clay) 
0.60 (sand-clay-rock mixed layers) 
Iowa (2014) FHWA Methodology 0.60 (sand-clay-rock mixed layers) 
New Mexico 
(2012) 
O’Neill and Reese Method 0.32 
NHI Method 0.37 
Unified Design Equation 0.26 
Louisiana 
(2010) 
FHWA Methodology 
(1999 method, 5%B) 
0.50 
Louisiana 
(2013) 
FHWA Methodology 
(5%B) 
0.48 (1999 method) 
0.60 (2010 method) 
Current Study  FHWA Methodology 
0.38 (1999 method, 5%B) 
0.34 (1999 method, 1-inch) 
0.27 (2010 method, 5%B) 
0.31 (2010 method, 1-inch) 
5.2.2 Side and End Bearing Resistance Factors 
The side and end bearing resistance factors were calibrated using the same methods as conducted 
for the total resistance factor calibration. The calibration results for the side and end bearing 
resistance factors as determined by the FOSM method are presented in Table 5.6, and the resistance 
factor calibration results as determined by the Monte Carlo simulation method are presented in 
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Table 5.7. Coinciding with the higher coefficients of variation in resistance biases as mentioned 
earlier, the resistance factors for the side and end bearing resistances are much less than the total 
resistance factors.  
Table 5.6 Side and End Bearing Resistance Factors – FOSM Method 
 1999 Design Method – 5%B 
Side 0.32 
End 0.15 
2010 Design Method – 5%B 
Side 0.26 
End 0.10 
1999 Design Method – 1-inch 
Side 0.28 
End 0.18 
2010 Design Method – 1-inch 
Side 0.14 
End 0.14 
Table 5.7 Side and End Bearing Resistance Factors – Monte Carlo Simulation 
1999 Design Method – 5%B 
Side 0.35 
End 0.16 
2010 Design Method – 5%B 
Side 0.29 
End 0.11 
 
    (Table 6.6 continued) 
1999 Design Method – 1-inch 
Side 0.30 
End 0.19 
2010 Design Method – 1-inch 
Side 0.15 
End 0.15 
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6.0 CONCLUSION 
This study presented the calibration of resistance factors needed in the LRFD design of drilled 
shafts using the 1999 and 2010 FHWA drilled shaft design methods. A drilled shaft load test 
database of sixty-nine tests was developed and used for this study. The predicted side, end bearing, 
and total resistance of each case was determined separately using the 1999 and 2010 design 
methods; these predicted resistances were then compared to the measured resistances, which were 
also determined separately for the load corresponding to settlement at 5% of the shaft diameter or 
at one-inch. In addition to these various methods, the FOSM and Monte Carlo simulation methods 
were used in determining the resistance factors.  
Statistical analyses were conducted on the predicted and measured drilled shaft resistances to 
determine the resistance factors and to evaluate the performance of the various methods used in 
this study. Based on this analysis, it can be seen that that 1999 FHWA design method on average 
underestimates the nominal resistance of drilled shafts more than the 2010 method does, showing 
that the 2010 design method is an improvement over the 1999 method. However, it can also be 
observed that the while the 2010 design method is more accurate, it is less consistent, which is 
shown by the lower resistance factors produced from the calibration. Coinciding with this, the total 
resistance factor of 0.38 determined for the 1999 design method using the 5%B settlement criterion 
and Monte Carlo simulation is the largest determined in the study, and the smallest at 0.27 was 
determined for the 2010 design method using the 5%B settlement criterion. The total resistance 
factors for the 1999 and 2010 design methods using the one-inch settlement criterion were 
determined to be 0.34 and 0.31, respectively. The total resistance factors determined using the 
FOSM method were considerably smaller than what was determined using Monte Carlo 
simulation. This coincides with the discussion in Section 5.5.1 that the FOSM method is only an 
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approximation, especially if the resistance bias distribution is not perfectly lognormal, which it is 
not. This also applies to the side and end bearing resistance factors determined using the two 
different methods. These resistance factors were considerably smaller than the total resistance 
factors, as should be expected.  
The resistance factors presented in this study using the Monte Carlo simulation method can be 
valuable reference values for the LRFD design of drilled shafts in Louisiana and the surrounding 
region, whether using the 1999 or 2010 FHWA design methodology. In addition, the presented 
calibration results can aid in the revision of previous calibrations performed by the Louisiana 
Transportation Research Center or other local research departments.  
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APPENDIX A. MEASURED AND PREDICTED RESISTANCES 
Table A-1. Measured and Predicted Resistances Determined Using Settlement at 5%B 
Load Test 
No. 
Measured 
Resistance (tons) 1999 FHWA Method (tons) 2010 FHWA Method (tons) 
Side Tip Total Side End Total Rm/Rp Side End Total Rm/Rp
LT-8193-1 1868 1265 3133 473 611 1084 2.89 759 982 1742 1.80 
LT-8193-2 1121 448 1569 388 483 871 1.80 655 815 1471 1.07 
LT-8194 1282 883 2165 467 284 751 2.88 560 341 902 2.40 
LT-8212 2758 997 3754 694 451 1145 3.28 791 515 1305 2.88 
LT-8341 416 420 836 208 310 518 1.61 228 340 568 1.47 
LT-8371-1 760 791 1551 265 285 551 2.82 334 360 694 2.23 
LT-8371-2 1251 1330 2581 781 642 1423 1.81 1067 878 1945 1.33 
LT-8373 371 493 864 348 218 565 1.53 618 387 1005 0.86 
LT-8412-1 221 62 283 143 85 229 1.24 150 89 239 1.18 
LT-8412-2 262 80 343 173 46 219 1.56 206 55 261 1.31 
LT-8461-1 1301 1172 2473 1321 285 1607 1.54 1871 404 2275 1.09 
LT-8461-2 807 630 1437 403 164 567 2.53 461 187 648 2.22 
LT-8467 1257 326 1583 879 689 1568 1.01 977 765 1742 0.91 
LT-8470 918 646 1565 726 686 1412 1.11 1123 1060 2184 0.72 
LT-8487 211 274 486 356 360 715 0.68 407 412 818 0.59 
LT-8488-1 566 749 1315 232 109 341 3.85 264 124 389 3.38 
LT-8488-2 260 185 444 234 219 453 0.98 261 243 505 0.88 
LT-8578 1174 1941 3115 1370 1412 2781 1.12 1609 1658 3267 0.95 
LT-8618 339 386 725 146 160 306 2.37 162 177 339 2.14 
LT-8655 2235 2357 4592 1797 437 2234 2.06 3146 765 3911 1.17 
LT-8745 539 424 963 411 350 762 1.26 618 525 1143 0.84 
LT-8786 761 535 1296 559 767 1326 0.98 583 800 1384 0.94 
LT-8788 174 39 213 182 61 243 0.87 209 71 279 0.76 
LT-8800-1 991 555 1546 1177 343 1520 1.02 1830 534 2365 0.65 
LT-8800-2 1111 329 1440 753 347 1100 1.31 1321 609 1930 0.75 
LT-8800-3 715 543 1259 1208 338 1546 0.81 1906 534 2440 0.52 
LT-8800-4 1585 595 2180 1595 672 2266 0.96 2092 681 2774 0.79 
LT-8800-5 714 379 1093 1181 268 1449 0.75 1896 431 2327 0.47 
LT-8800-6 593 668 1261 1059 323 1382 0.91 1783 544 2328 0.54 
LT-8800-7 622 470 1092 578 321 899 1.21 1045 580 1624 0.67 
LT-8800-8 498 349 847 914 276 1190 0.71 1337 403 1740 0.49 
65 
 
(Table A-1 continued) 
Load Test 
No. 
Measured 
Resistance (tons) 1999 FHWA Method (tons) 2010 FHWA Method (tons) 
Side Tip Total Side End Total Rm/Rp Side End Total Rm/Rp
LT-8825 644 455 1100 818 490 1308 0.84 1003 600 1603 0.69 
LT-8829-1 816 304 1119 466 569 1035 1.08 441 539 980 1.14 
LT-8829-3 326 173 499 224 131 354 1.41 298 174 472 1.06 
LT-8829-4 343 280 623 939 521 1461 0.43 918 510 1428 0.44 
LT-8905 188 303 492 233 346 579 0.85 256 379 635 0.77 
LT-8912-1 1531 1143 2675 556 285 841 3.18 773 397 1169 2.29 
LT-8912-2* 3084 953 4038 515 285 800 5.05 721 400 1120 3.60 
LT-8944 472 85 558 370 689 1059 0.53 373 695 1068 0.52 
LT-8954-1 583 382 965 146 382 528 1.83 211 552 763 1.27 
LT-8954-2 661 409 1070 450 57 508 2.11 410 52 463 2.31 
LT-8961-1* 601 285 887 44 32 76 11.67 94 70 165 5.37 
LT-8961-2 391 209 599 360 142 502 1.20 514 202 717 0.84 
LT-8981 710 516 1226 940 466 1406 0.87 915 453 1368 0.90 
LT-9147 912 439 1350 315 151 466 2.90 375 179 554 2.44 
LT-9191 2982 442 3424 973 387 1360 2.52 1371 545 1916 1.79 
LT-9262* 2971 1526 4497 341 598 939 4.79 288 505 793 5.67 
LT-9263 999 433 1431 554 49 603 2.37 872 78 949 1.51 
LT-9280-1 483 190 673 332 254 587 1.15 461 353 815 0.83 
LT-9280-2 3253 1050 4303 2572 696 3268 1.32 5324 1440 6764 0.64 
LT-9280-3 1573 1068 2641 1140 751 1890 1.40 1803 1187 2990 0.88 
LT-9459-2 570 218 788 252 246 498 1.58 338 330 669 1.18 
LT-9459-3 302 78 380 332 53 385 0.99 370 60 430 0.89 
LT-9459-4 539 66 605 434 251 685 0.88 475 275 750 0.81 
LT-9473-1 1495 1513 3008 770 769 1539 1.95 937 935 1872 1.61 
LT-9473-2 1262 1020 2282 1524 675 2199 1.04 1631 723 2354 0.97 
LT-9597-1 410 53 463 353 370 723 0.64 573 601 1173 0.39 
LT-9597-2 421 365 786 508 526 1034 0.76 661 686 1347 0.58 
LT-9694-1 532 583 1115 333 648 981 1.14 402 782 1184 0.94 
LT-9694-3 1355 1894 3249 464 686 1150 2.83 1158 1710 2868 1.13 
LT-9694-4 851 1204 2055 561 689 1249 1.65 512 629 1141 1.80 
LT-9934-1 476 572 1049 465 590 1055 0.99 590 747 1337 0.78 
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(Table A-1 continued) 
Load Test 
No. 
Measured 
Resistance (tons) 1999 FHWA Method (tons) 2010 FHWA Method (tons) 
Side Tip Total Side End Total Rm/Rp Side End Total Rm/Rp
LT-9934-3 647 812 1459 636 459 1095 1.33 694 500 1194 1.22 
LT-9934-4 592 366 959 341 331 672 1.43 406 394 800 1.20 
LT-9934-5 513 456 968 385 468 853 1.13 336 408 744 1.30 
LT-9938-1 316 236 552 247 372 619 0.89 254 383 636 0.87 
LT-9938-3 398 399 797 407 397 803 0.99 411 401 812 0.98 
LT-9950-1 1658 1034 2692 524 686 1210 2.23 922 1205 2126 1.27 
LT-9950-2 494 263 757 622 207 828 0.91 589 196 785 0.96 
*Removed from calibration analysis 
 
Figure A-1. Measured vs. 1999 FHWA Predicted Side Resistance, 5%B 
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Figure A-2. Measured vs. 1999 FHWA Predicted End Bearing Resistance, 5%B 
 
Figure A-3. Measured vs. 1999 FHWA Predicted Total Resistance, 5%B 
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Figure A-4. Measured vs. 2010 FHWA Predicted Side Resistance, 5%B 
 
Figure A-5. Measured vs. 2010 FHWA Predicted End Bearing Resistance, 5%B 
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Figure A-6. Measured vs. 2010 FHWA Predicted Total Resistance, 5%B 
Table A-2 Measured and Predicted Resistances Determined Using Settlement at One-Inch 
Load Test 
No. 
Measured Resistance 
(tons) 1999 FHWA Method (tons) 2010 FHWA Method (tons) 
Side End Total Side End Total Rm/Rp Side End Total Rm/Rp
LT-8193-1 1732 927 2659 478 277 755 3.52 756 437 1194 2.23 
LT-8193-2 1065 249 1314 390 244 635 2.07 638 399 1037 1.27 
LT-8194 1251 762 2013 467 235 702 2.87 532 268 800 2.52 
LT-8212* 2620 823 3443 706 228 934 3.69 695 226 920 3.74 
LT-8341 350 267 617 221 224 445 1.39 231 233 464 1.33 
LT-8371-1 760 709 1469 265 236 502 2.93 326 290 616 2.39 
LT-8371-2 1244 1052 2296 842 442 1285 1.79 1017 536 1553 1.48 
LT-8373 371 434 805 348 189 536 1.50 600 326 926 0.87 
LT-8412-1 207 64 271 143 80 224 1.21 150 84 235 1.16 
LT-8412-2 247 51 298 173 42 215 1.39 201 49 250 1.19 
LT-8461-1 1109 1254 2363 1321 236 1558 1.52 1712 306 2019 1.17 
LT-8461-2 766 538 1304 403 136 539 2.42 430 145 575 2.27 
LT-8467 1053 246 1298 916 497 1413 0.92 922 501 1423 0.91 
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(Table A-2 continued) 
Load Test 
No. 
Measured Resistance 
(tons) 1999 FHWA Method (tons) 2010 FHWA Method (tons) 
Side End Total Side End Total Rm/Rp Side End Total Rm/Rp
LT-8470 918 223 1141 739 289 1028 1.11 1058 401 1459 0.78 
LT-8487 209 236 445 363 284 647 0.69 394 310 704 0.63 
LT-8488-1 524 466 990 232 91 323 3.07 248 97 345 2.87 
LT-8488-2 254 101 355 234 181 415 0.85 253 195 448 0.79 
LT-8578 909 1018 1928 1439 437 1876 1.03 1547 470 2017 0.96 
LT-8618 336 374 710 146 132 278 2.55 158 143 301 2.36 
LT-8655 1346 626 1971 1896 289 2185 0.90 2171 332 2503 0.79 
LT-8745 506 290 796 425 265 690 1.15 590 368 958 0.83 
LT-8786 709 222 931 576 292 868 1.07 599 304 903 1.03 
LT-8788 172 35 207 182 60 242 0.86 210 70 279 0.74 
LT-8800-1 882 179 1061 1176 195 1371 0.77 1480 245 1725 0.61 
LT-8800-2 990 106 1096 753 197 950 1.15 1357 355 1713 0.64 
LT-8800-3 606 208 814 1208 192 1400 0.58 1535 244 1780 0.46 
LT-8800-4 976 486 1463 1628 277 1905 0.77 1697 290 1987 0.74 
LT-8800-5 696 174 870 1181 152 1333 0.65 1504 194 1698 0.51 
LT-8800-6 410 476 885 1059 183 1242 0.71 1447 251 1698 0.52 
LT-8800-7 581 277 858 578 182 760 1.13 901 284 1185 0.72 
LT-8800-8 438 138 576 914 156 1071 0.54 1084 185 1269 0.45 
LT-8825 414 500 914 870 187 1057 0.87 861 185 1047 0.87 
LT-8829-1 708 163 871 489 431 920 0.95 437 385 821 1.06 
LT-8829-3 325 152 477 224 74 298 1.60 259 86 345 1.39 
LT-8829-4 338 254 592 939 236 1175 0.50 782 196 979 0.60 
LT-8905 188 273 460 238 273 511 0.90 254 292 546 0.84 
LT-8912-1 1488 958 2446 556 236 792 3.09 728 309 1037 2.36 
LT-8912-2* 2831 550 3381 515 236 751 4.50 681 313 994 3.40 
LT-8944 484 63 546 389 497 887 0.62 383 490 873 0.63 
LT-8954-1 558 275 833 147 193 340 2.45 232 305 538 1.55 
LT-8954-2 626 155 781 450 33 483 1.62 315 23 338 2.31 
LT-8961-1* 584 186 770 43 26 69 11.15 88 52 141 5.46 
LT-8961-2 374 208 582 360 112 472 1.23 466 145 611 0.95 
LT-8981 623 370 992 945 236 1180 0.84 772 193 964 1.03 
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(Table A-2 continued) 
Load Test 
No. 
Measured Resistance 
(tons) 1999 FHWA Method (tons) 2010 FHWA Method (tons) 
Side End Total Side End Total Rm/Rp Side End Total Rm/Rp
LT-9147 843 326 1169 315 106 421 2.78 332 111 443 2.64 
LT-9191 2617 53 2669 995 175 1170 2.28 1117 197 1314 2.03 
LT-9262* 2512 867 3379 347 452 799 4.23 289 376 664 5.09 
LT-9263 902 267 1169 554 28 582 2.01 659 33 692 1.69 
LT-9280-1 464 59 524 332 211 543 0.96 442 280 723 0.72 
LT-9280-2 2730 289 3019 2706 231 2937 1.03 3918 334 4253 0.71 
LT-9280-3 1189 683 1873 1178 286 1464 1.28 1570 382 1952 0.96 
LT-9459-2 540 173 713 252 204 456 1.57 328 265 593 1.20 
LT-9459-3 297 70 367 332 50 382 0.96 366 55 422 0.87 
LT-9459-4 534 45 579 434 208 642 0.90 449 216 665 0.87 
LT-9473-1 1489 967 2456 870 293 1163 2.11 913 309 1222 2.01 
LT-9473-2 1085 712 1797 1534 278 1812 0.99 1331 242 1573 1.14 
LT-9597-1 396 13 408 383 153 536 0.76 560 224 784 0.52 
LT-9597-2 421 284 705 511 217 728 0.97 632 269 900 0.78 
LT-9694-1 504 414 918 342 267 609 1.51 445 347 791 1.16 
LT-9694-3 1168 937 2105 474 283 756 2.78 1200 716 1916 1.10 
LT-9694-4 822 848 1670 592 497 1090 1.53 507 426 932 1.79 
LT-9934-1 462 457 919 506 243 749 1.23 603 290 893 1.03 
LT-9934-3 652 394 1045 636 232 868 1.20 617 225 842 1.24 
LT-9934-4 579 301 880 386 239 625 1.41 404 250 654 1.35 
LT-9934-5 431 355 787 388 338 726 1.08 325 283 608 1.29 
LT-9938-1 311 185 496 290 269 558 0.89 270 250 520 0.95 
LT-9938-3 377 273 650 407 313 720 0.90 394 304 698 0.93 
LT-9950-1 1494 545 2039 571 283 853 2.39 950 471 1421 1.44 
LT-9950-2 490 128 618 626 149 775 0.80 518 124 642 0.96 
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Figure A-7. Measured vs. 1999 FHWA Predicted Side Resistance, 1-Inch 
 
Figure A-8. Measured vs. 1999 FHWA Predicted End Bearing Resistance, 1-Inch 
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Figure A-9. Measured vs. 1999 FHWA Predicted Total Resistance, 1-Inch 
 
Figure A-10. Measured vs. 2010 FHWA Predicted Side Resistance, 1-Inch 
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Figure A-11. Measured vs. 2010 FHWA Predicted End Bearing Resistance, 1-Inch 
 
Figure A-12. Measured vs. 2010 FHWA Predicted Total Resistance, 1-Inch 
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APPENDIX B. 1999 PREDICTED LOAD SETTLEMENT CURVES 
 
Figure B - 1. LT-8193-1 Load Settlement Curve – Side Resistance 
 
Figure B - 2. LT-8193-1 Load Settlement Curve – End Bearing 
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Figure B - 3. LT-8193-1 Total Load Settlement Curve 
 
Figure B - 4. LT-8193-2 Load Settlement Curve – Side Resistance 
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Figure B - 5. LT-8193-2 Load Settlement Curve – End Bearing  
 
Figure B - 6. LT-8193-2 Total Load Settlement Curve 
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Figure B - 7. LT-8194 Load Settlement Curve – Side Resistance 
 
Figure B - 8. LT-8194 Load Settlement Curve – End Bearing 
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Figure B - 9. LT-8194 Total Load Settlement Curve 
 
Figure B - 10. LT-8212 Load Settlement Curve – Side Resistance 
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Figure B - 11. LT-8212 Load Settlement Curve – End Bearing 
 
Figure B - 12. LT-8212 Total Load Settlement Curve 
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Figure B - 13. LT-8341 Load Settlement Curve – Side Resistance 
 
Figure B - 14. LT-8341 Load Settlement Curve – End Bearing 
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Figure B - 15. LT-8341 Total Load Settlement Curve 
 
Figure B - 16. LT-8371-1 Load Settlement Curve – Side Resistance 
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Figure B - 17. LT-8371-1 Load Settlement Curve – End Bearing 
 
Figure B - 18. LT-8341 Total Load Settlement Curve 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 50 100 150 200 250 300
Se
ttle
me
nt 
(in
)
End Bearing (tons)
0.0
0.5
1.0
1.5
2.0
2.5
0 100 200 300 400 500 600
Se
ttle
me
nt 
(in
)
Total Resistance (tons)
84 
 
 
Figure B - 19. LT-8371-2 Load Settlement Curve – Side Resistance 
 
Figure B - 20. LT-8371-2 Load Settlement Curve – End Bearing 
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Figure B - 21. LT-8371-2 Total Load Settlement Curve 
 
Figure B - 22. LT-8373 Load Settlement Curve – Side Resistance 
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Figure B - 23. LT-8373 Load Settlement Curve – End Bearing 
 
Figure B - 24. LT-8373 Total Load Settlement Curve 
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Figure B - 25. LT-8412-1 Load Settlement Curve – Side Resistance 
 
Figure B - 26. LT-8412-1 Load Settlement Curve – End Bearing 
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Figure B - 27. LT-8412-1 Total Load Settlement Curve 
 
Figure B - 28. LT-8412-2 Load Settlement Curve – Side Resistance 
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Figure B - 29. LT-8412-2 Load Settlement Curve – End Bearing 
 
Figure B - 30. LT-8412-2 Total Load Settlement Curve 
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Figure B - 31. LT-8461-1 Load Settlement Curve – Side Resistance 
 
Figure B - 32. LT-8461-1 Load Settlement Curve – End Bearing 
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Figure B - 33. LT-8461-1 Total Load Settlement Curve 
 
Figure B - 34. LT-8461-2 Load Settlement Curve – Side Resistance 
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Figure B - 35. LT-8461-2 Load Settlement Curve – End Bearing 
 
Figure B - 36. LT-8461-2 Total Load Settlement Curve 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 50 100 150 200
Se
ttle
me
nt 
(in
)
End Bearing (tons)
0.0
0.5
1.0
1.5
2.0
2.5
0 100 200 300 400 500 600
Se
ttle
me
nt 
(in
)
Total Resistance (tons)
93 
 
 
Figure B - 37. LT-8467 Load Settlement Curve – Side Resistance 
 
Figure B - 38. LT-8467 Load Settlement Curve – End Bearing 
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Figure B - 39. LT-8467 Total Load Settlement Curve 
 
Figure B - 40. LT-8470 Load Settlement Curve – Side Resistance 
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Figure B - 41. LT-8470 Load Settlement Curve – End Bearing 
 
Figure B - 42. LT-8470 Total Load Settlement Curve 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 200 400 600 800
Se
ttle
me
nt 
(in
)
End Bearing (tons)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 250 500 750 1000 1250 1500
Se
ttle
me
nt 
(in
)
Total Resistance (tons)
96 
 
 
Figure B - 43. LT-8487 Load Settlement Curve – Side Resistance 
 
Figure B - 44. LT-8487 Load Settlement Curve – End Bearing 
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Figure B - 45. LT-8487 Total Load Settlement Curve 
 
Figure B - 46. LT-8488-1 Load Settlement Curve – Side Resistance 
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Figure B - 47. LT-8488-1 Load Settlement Curve – End Bearing 
 
Figure B - 48. LT-8488-1 Total Load Settlement Curve 
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Figure B - 49. LT-8488-2 Load Settlement Curve – Side Resistance 
 
Figure B - 50. LT-8488-2 Load Settlement Curve – End Bearing 
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Figure B - 51. LT-8488-2 Total Load Settlement Curve 
 
Figure B - 52. LT-8578 Load Settlement Curve – Side Resistance 
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Figure B - 53. LT-8578 Load Settlement Curve – End Bearing 
 
Figure B - 54. LT-8578 Total Load Settlement Curve 
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Figure B - 55. LT-8618 Load Settlement Curve – Side Resistance 
 
Figure B - 56. LT-8618 Load Settlement Curve – End Bearing 
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Figure B - 57. LT-8618 Total Load Settlement Curve 
 
Figure B - 58. LT-8655 Load Settlement Curve – Side Resistance 
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Figure B - 59. LT-8655 Load Settlement Curve – End Bearing 
 
Figure B - 60. LT-8655 Total Load Settlement Curve 
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Figure B - 61. LT-8745 Load Settlement Curve – Side Resistance 
 
Figure B - 62. LT-8745 Load Settlement Curve – End Bearing 
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Figure B - 63. LT-8745 Total Load Settlement Curve 
 
Figure B - 64. LT-8786 Load Settlement Curve – Side Resistance 
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Figure B - 65. LT-8786 Load Settlement Curve – End Bearing 
 
Figure B - 66. LT-8786 Total Load Settlement Curve 
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Figure B - 67. LT-8788 Load Settlement Curve – Side Resistance 
 
Figure B - 68. LT-8788 Load Settlement Curve – End Bearing 
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Figure B - 69. LT-8788 Total Load Settlement Curve 
 
Figure B - 70. LT-8800-1 Load Settlement Curve – Side Resistance 
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Figure B - 71. LT-8800-1 Load Settlement Curve – End Bearing 
 
Figure B - 72. LT-8800-1 Total Load Settlement Curve 
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Figure B - 73. LT-8800-2 Load Settlement Curve – Side Resistance 
 
Figure B - 74. LT-8800-2 Load Settlement Curve – End Bearing 
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Figure B - 75. LT-8800-2 Total Load Settlement Curve 
 
Figure B - 76. LT-8800-3 Load Settlement Curve – Side Resistance 
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Figure B - 77. LT-8800-3 Load Settlement Curve – End Bearing 
 
Figure B - 78. LT-8800-3 Total Load Settlement Curve 
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Figure B - 79. LT-8800-4 Load Settlement Curve – Side Resistance 
 
Figure B - 80. LT-8800-4 Load Settlement Curve – End Bearing 
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Figure B - 81. LT-8800-4 Total Load Settlement Curve 
 
Figure B - 82. LT-8800-5 Load Settlement Curve – Side Resistance 
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Figure B - 83. LT-8800-5 Load Settlement Curve – End Bearing 
 
Figure B - 84. LT-8800-5 Total Load Settlement Curve 
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Figure B - 85. LT-8800-6 Load Settlement Curve – Side Resistance 
 
Figure B - 86. LT-8800-6 Load Settlement Curve – End Bearing 
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Figure B - 87. LT-8800-6 Total Load Settlement Curve 
 
Figure B - 88. LT-8800-7 Load Settlement Curve – Side Resistance 
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Figure B - 89. LT-8800-7 Load Settlement Curve – End Bearing 
 
Figure B - 90. LT-8800-7 Total Load Settlement Curve 
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Figure B - 91. LT-8800-8 Load Settlement Curve – Side Resistance 
 
Figure B - 92. LT-8800-8 Load Settlement Curve – End Bearing 
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Figure B - 93. LT-8800-8 Total Load Settlement Curve 
 
Figure B - 94. LT-8825 Load Settlement Curve – Side Resistance 
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Figure B - 95. LT-8825 Load Settlement Curve – End Bearing 
 
Figure B - 96. LT-8825 Total Load Settlement Curve 
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Figure B - 97. LT-8829-1 Load Settlement Curve – Side Resistance 
 
Figure B - 98. LT-8829-1 Load Settlement Curve – End Bearing 
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Figure B - 99. LT-8829-1 Total Load Settlement Curve  
 
Figure B - 100. LT-8829-3 Load Settlement Curve – Side Resistance 
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Figure B - 101. LT-8829-3 Load Settlement Curve – End Bearing 
 
Figure B - 102. LT-8829-3 Total Load Settlement Curve  
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Figure B - 103. LT-8829-4 Load Settlement Curve – Side Resistance 
 
Figure B - 104. LT-8829-4 Load Settlement Curve – End Bearing 
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Figure B - 105. LT-8829-4 Total Load Settlement Curve 
 
Figure B - 106. LT-8905 Load Settlement Curve – Side Resistance 
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Figure B - 107. LT-8905 Load Settlement Curve – End Bearing 
 
Figure B - 108. LT-8905 Total Load Settlement Curve  
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Figure B - 109. LT-8912-1 Load Settlement Curve – Side Resistance 
 
Figure B - 110. LT-8912-1 Load Settlement Curve – End Bearing 
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Figure B - 111. LT-8912-1 Total Load Settlement Curve 
 
Figure B - 112. LT-8944 Load Settlement Curve – Side Resistance 
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Figure B - 113. LT-8944 Load Settlement Curve – End Bearing 
 
Figure B - 114. LT-8944 Total Load Settlement Curve 
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Figure B - 115. LT-8954-1 Load Settlement Curve – Side Resistance 
 
Figure B - 116. LT-8954-1 Load Settlement Curve – End Bearing 
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Figure B - 117. LT-8954-1 Total Load Settlement Curve 
 
Figure B - 118. LT-8954-2 Load Settlement Curve – Side Resistance 
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Figure B - 119. LT-8954-2 Load Settlement Curve – End Bearing 
 
Figure B - 120. LT-8954-2 Total Load Settlement Curve 
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Figure B - 121. LT-8961-2 Load Settlement Curve – Side Resistance 
 
Figure B - 122. LT-8961-2 Load Settlement Curve – End Bearing 
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Figure B - 123. LT-8961-2 Total Load Settlement Curve  
 
Figure B - 124. LT-8981 Load Settlement Curve – Side Resistance 
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Figure B - 125. LT-8981 Load Settlement Curve – End Bearing 
 
Figure B - 126. LT-8981 Total Load Settlement Curve  
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Figure B - 127. LT-9147 Load Settlement Curve – Side Resistance 
 
Figure B - 128. LT-9147 Load Settlement Curve – End Bearing 
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Figure B - 129. LT-9147 Total Load Settlement Curve 
 
Figure B - 130. LT-9191 Load Settlement Curve – Side Resistance 
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Figure B - 131. LT-9191 Load Settlement Curve – End Bearing 
 
Figure B - 132. LT-9191 Total Load Settlement Curve 
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Figure B - 133. LT-9263 Load Settlement Curve – Side Resistance 
 
Figure B - 134. LT-9263 Load Settlement Curve – End Bearing 
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Figure B - 135. LT-9263 Total Load Settlement Curve 
 
Figure B - 136. LT-9280-1 Load Settlement Curve – Side Resistance 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 100 200 300 400 500 600 700
Se
ttle
me
nt 
(in
)
Total Resistance (tons)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 75 150 225 300 375
Se
ttle
me
nt 
(in
)
Side Resistance (tons)
143 
 
 
Figure B - 137. LT-9280-1 Load Settlement Curve – End Bearing 
 
Figure B - 138. LT-9280-1 Total Load Settlement Curve 
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Figure B - 139. LT-9280-2 Load Settlement Curve – Side Resistance 
 
Figure B - 140. LT-9280-2 Load Settlement Curve – End Bearing 
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Figure B - 141. LT-9280-2 Total Load Settlement Curve 
 
Figure B - 142. LT-9280-3 Load Settlement Curve – Side Resistance 
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Figure B - 143. LT-9280-3 Load Settlement Curve – End Bearing 
 
Figure B - 144. LT-9280-3 Total Load Settlement Curve 
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Figure B - 145. LT-9459-2 Load Settlement Curve – Side Resistance 
 
Figure B - 146. LT-9459-2 Load Settlement Curve – End Bearing 
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Figure B - 147. LT-9459-2 Total Load Settlement Curve 
 
Figure B - 148. LT-9459-3 Load Settlement Curve – Side Resistance 
0.0
0.5
1.0
1.5
2.0
2.5
0 100 200 300 400 500 600
Se
ttle
me
nt 
(in
)
Total Resistance (tons)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0 100 200 300 400
Se
ttle
me
nt 
(in
)
Side Resistance (tons)
149 
 
 
Figure B - 149. LT-9459-3 Load Settlement Curve – End Bearing 
 
Figure B - 150. LT-9459-3 Total Load Settlement Curve 
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Figure B - 151. LT-9459-4 Load Settlement Curve – Side Resistance 
 
Figure B - 152. LT-9459-4 Load Settlement Curve – End Bearing 
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Figure B - 153. LT-9459-4 Total Load Settlement Curve 
 
Figure B - 154. LT-9473-1 Load Settlement Curve – Side Resistance 
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Figure B - 155. LT-9473-1 Load Settlement Curve – End Bearing 
 
Figure B - 156. LT-9473-1 Total Load Settlement Curve 
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Figure B - 157. LT-9473-2 Load Settlement Curve – Side Resistance 
 
Figure B - 158. LT-9473-2 Load Settlement Curve – End Bearing 
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Figure B - 159. LT-9473-2 Total Load Settlement Curve 
 
Figure B - 160. LT-9597-1 Load Settlement Curve – Side Resistance 
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Figure B - 161. LT-957-1 Load Settlement Curve – End Bearing 
 
Figure B - 162. LT-9597-1 Total Load Settlement Curve 
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Figure B - 163. LT-9597-2 Load Settlement Curve – Side Resistance 
 
Figure B - 164. LT-9597-2 Load Settlement Curve – End Bearing 
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Figure B - 165. LT-9597-2 Total Load Settlement Curve 
 
Figure B - 166. LT-9694-1 Load Settlement Curve – Side Resistance 
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Figure B - 167. LT-9694-1 Load Settlement Curve – End Bearing 
 
Figure B - 168. LT-9694-1 Total Load Settlement Curve 
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Figure B - 169. LT-9694-3 Load Settlement Curve – Side Resistance 
 
Figure B - 170. LT-9694-3 Load Settlement Curve – End Bearing 
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Figure B - 171. LT-9694-3 Total Load Settlement Curve 
 
Figure B - 172. LT-9694-4 Load Settlement Curve – Side Resistance 
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Figure B - 173. LT-9694-4 Load Settlement Curve – End Bearing 
 
Figure B - 174. LT-9694-4 Total Load Settlement Curve 
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Figure B - 175. LT-9934-1 Load Settlement Curve – Side Resistance 
 
Figure B - 176. LT-9934-1 Load Settlement Curve – End Bearing 
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Figure B - 177. LT-9934-1 Total Load Settlement Curve 
 
Figure B - 178. LT-9934-3 Load Settlement Curve – Side Resistance 
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Figure B - 179. LT-9934-3 Load Settlement Curve – End Bearing 
 
Figure B - 180. LT-9934-3 Total Load Settlement Curve 
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Figure B - 181. LT-9934-4 Load Settlement Curve – Side Resistance 
 
Figure B - 182. LT-9934-4 Load Settlement Curve – End Bearing 
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Figure B - 183. LT-9934-4 Total Load Settlement Curve 
 
Figure B - 184. LT-9934-5 Load Settlement Curve – Side Resistance 
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Figure B - 185. LT-9934-5 Load Settlement Curve – End Bearing 
 
Figure B - 186. LT-9934-5 Total Load Settlement Curve 
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Figure B - 187. LT-9938-1 Load Settlement Curve – Side Resistance 
 
Figure B - 188. LT-9938-1 Load Settlement Curve – End Bearing 
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Figure B - 189. LT-9938-1 Total Load Settlement Curve 
 
Figure B - 190. LT-9938-3 Load Settlement Curve – Side Resistance 
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Figure B - 191. LT-9938-3 Load Settlement Curve – End Bearing 
 
Figure B - 192. LT-9938-3 Total Load Settlement Curve 
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Figure B - 193. LT-9950-1 Load Settlement Curve – Side Resistance 
 
Figure B - 194. LT-9950-1 Load Settlement Curve – End Bearing 
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Figure B - 195. LT-9950-1 Total Load Settlement Curve 
 
Figure B - 196. LT-9950-2 Load Settlement Curve – Side Resistance 
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Figure B - 197. LT-9950-2 Load Settlement Curve – End Bearing 
 
Figure B - 198. LT-9950-2 Total Load Settlement Curve 
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APPENDIX C. 2010 PREDICTED LOAD SETTLEMENT CURVES 
 
Figure C - 1. LT-8193-1 Load Settlement Curve – Side Resistance 
 
Figure C - 2. LT-8193-1 Load Settlement Curve – End Bearing  
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Figure C - 3. LT-8193-1 Total Load Settlement Curve 
 
Figure C - 4. LT-8193-2 Load Settlement Curve – Side Resistance 
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Figure C - 5. LT-8193-2 Load Settlement Curve – End Bearing 
 
Figure C - 6. LT-8193-2 Total Load Settlement Curve 
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Figure C - 7. LT-8194 Load Settlement Curve – Side Resistance 
 
Figure C - 8. LT-8194 Load Settlement Curve – End Bearing 
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Figure C - 9. LT-8194 Total Load Settlement Curve 
 
Figure C - 10. LT-8212 Load Settlement Curve – Side Resistance 
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Figure C - 11. LT-8212 Load Settlement Curve – End Bearing 
 
Figure C - 12. LT-8212 Total Load Settlement Curve 
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Figure C - 13. LT-8341 Load Settlement Curve – Side Resistance 
 
Figure C - 14. LT-8341 Load Settlement Curve – End Bearing 
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Figure C - 15. LT-8341 Total Load Settlement Curve 
 
Figure C - 16. LT-8371-1 Load Settlement Curve – Side Resistance 
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Figure C - 17. LT-8371-1 Load Settlement Curve – End Bearing 
 
Figure C - 18. LT-8371-1 Total Load Settlement Curve 
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Figure C - 19. LT-8371-2 Load Settlement Curve – Side Resistance 
 
Figure C - 20. LT-8371-2 Load Settlement Curve – End Bearing 
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Figure C - 21. LT-8371-2 Total Load Settlement Curve 
 
Figure C - 22. LT-8373 Load Settlement Curve – Side Resistance 
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Figure C - 23. LT-8373 Load Settlement Curve – End Bearing 
 
Figure C - 24. LT-8373 Total Load Settlement Curve 
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Figure C - 25. LT-8412-1 Load Settlement Curve – Side Resistance 
 
Figure C - 26. LT-8412-1 Load Settlement Curve – End Bearing 
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Figure C - 27. LT-8412-1 Total Load Settlement Curve 
 
Figure C - 28. LT-8412-2 Load Settlement Curve – Side Resistance 
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Figure C - 29. LT-8412-2 Load Settlement Curve – End Bearing 
 
Figure C - 30. LT-8412-2 Total Load Settlement Curve 
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Figure C - 31. LT-8461-1 Load Settlement Curve – Side Resistance 
 
Figure C - 32. LT-8461-1 Load Settlement Curve – End Bearing 
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Figure C - 33. LT-8461-1 Total Load Settlement Curve 
 
Figure C - 34. LT-8461-2 Load Settlement Curve – Side Resistance 
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Figure C - 35. LT-8461-2 Load Settlement Curve – End Bearing 
 
Figure C - 36. LT-8461-2 Total Load Settlement Curve 
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Figure C - 37. LT-8467 Load Settlement Curve – Side Resistance 
 
Figure C - 38. LT-8467 Load Settlement Curve – End Bearing 
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Figure C - 39. LT-8467 Total Load Settlement Curve 
 
Figure C - 40. LT-8470 Load Settlement Curve – Side Resistance 
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Figure C - 41. LT-8470 Load Settlement Curve – End Bearing 
 
Figure C - 42. LT-8470 Total Load Settlement Curve 
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Figure C - 43. LT-8487 Load Settlement Curve – Side Resistance 
 
Figure C - 44. LT-8487 Load Settlement Curve – End Bearing 
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Figure C - 45. LT-8487 Total Load Settlement Curve 
 
Figure C - 46. LT-8488-1 Load Settlement Curve – Side Resistance 
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Figure C - 47. LT-8488-1 Load Settlement Curve – End Bearing 
 
Figure C - 48. LT-8488-1 Total Load Settlement Curve 
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Figure C - 49. LT-8488-2 Load Settlement Curve – Side Resistance 
 
Figure C - 50. LT-8488-2 Load Settlement Curve – End Bearing 
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Figure C - 51. LT-8488-2 Total Load Settlement Curve 
 
Figure C - 52. LT-8578 Load Settlement Curve – Side Resistance 
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Figure C - 53. LT-8578 Load Settlement Curve – End Bearing 
 
Figure C - 54. LT-8578 Total Load Settlement Curve 
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Figure C - 55. LT-8618 Load Settlement Curve – Side Resistance 
 
Figure C - 56. LT-8618 Load Settlement Curve – End Bearing 
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Figure C - 57. LT-8618 Total Load Settlement Curve 
 
Figure C - 58. LT-8655 Load Settlement Curve – Side Resistance 
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Figure C - 59. LT-8655 Load Settlement Curve – End Bearing 
 
Figure C - 60. LT-8655 Total Load Settlement Curve 
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Figure C - 61. LT-8745 Load Settlement Curve – Side Resistance 
 
Figure C - 62. LT-8745 Load Settlement Curve – End Bearing 
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Figure C - 63. LT-8745 Total Load Settlement Curve 
 
Figure C - 64. LT-8786 Load Settlement Curve – Side Resistance 
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Figure C - 65. LT-8786 Load Settlement Curve – End Bearing 
 
Figure C - 66. LT-8786 Total Load Settlement Curve 
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Figure C - 67. LT-8788 Load Settlement Curve – Side Resistance 
 
Figure C - 68. LT-8788 Load Settlement Curve – End Bearing 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0 50 100 150 200 250
Se
ttle
me
nt 
(in
)
Side Resistance (tons)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0 20 40 60 80
Se
ttle
me
nt 
(in
)
End Bearing (tons)
208 
 
 
Figure C - 69. LT-8788 Total Load Settlement Curve 
 
Figure C - 70. LT-8800-1 Load Settlement Curve – Side Resistance 
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Figure C - 71. LT-8800-1 Load Settlement Curve – End Bearing 
 
Figure C - 72. LT-8800-1 Total Load Settlement Curve 
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Figure C - 73. LT-8800-2 Load Settlement Curve – Side Resistance 
 
Figure C - 74. LT-8800-2 Load Settlement Curve – End Bearing 
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Figure C - 75. LT-8800-2 Total Load Settlement Curve 
 
Figure C - 76. LT-8800-3 Load Settlement Curve – Side Resistance 
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Figure C - 77. LT-8800-3 Load Settlement Curve – End Bearing 
 
Figure C - 78. LT-8800-3 Total Load Settlement Curve 
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Figure C - 79. LT-8800-4 Load Settlement Curve – Side Resistance 
 
Figure C - 80. LT-8800-4 Load Settlement Curve – End Bearing 
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Figure C - 81. LT-8800-4 Total Load Settlement Curve 
 
Figure C - 82. LT-8800-5 Load Settlement Curve – Side Resistance 
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Figure C - 83. LT-8800-5 Load Settlement Curve – End Bearing 
 
Figure C - 84. LT-8800-5 Total Load Settlement Curve 
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Figure C - 85. LT-8800-6 Load Settlement Curve – Side Resistance 
 
Figure C - 86. LT-8800-6 Load Settlement Curve – End Bearing 
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Figure C - 87. LT-8800-6 Total Load Settlement Curve 
 
Figure C - 88. LT-8800-7 Load Settlement Curve – Side Resistance 
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Figure C - 89. LT-8800-7 Load Settlement Curve – End Bearing 
 
Figure C - 90. LT-8800-7 Total Load Settlement Curve 
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Figure C - 91. LT-8800-8 Load Settlement Curve – Side Resistance 
 
Figure C - 92. LT-8800-8 Load Settlement Curve – End Bearing 
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Figure C - 93. LT-8800-8 Total Load Settlement Curve 
 
Figure C - 94. LT-8825 Load Settlement Curve – Side Resistance 
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Figure C - 95. LT-8825 Load Settlement Curve – End Bearing 
 
Figure C - 96. LT-8825 Total Load Settlement Curve 
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Figure C - 97. LT-8829-1 Load Settlement Curve – Side Resistance 
 
Figure C - 98. LT-8829-1 Load Settlement Curve – End Bearing 
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Figure C - 99. LT-8829-1 Total Load Settlement Curve  
 
Figure C - 100. LT-8829-3 Load Settlement Curve – Side Resistance 
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Figure C - 101. LT-8829-3 Load Settlement Curve – End Bearing 
 
Figure C - 102. LT-8829-3 Total Load Settlement Curve  
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Figure C - 103. LT-8829-4 Load Settlement Curve – Side Resistance 
 
Figure C - 104. LT-8829-4 Load Settlement Curve – End Bearing 
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Figure C - 105. LT-8829-4 Total Load Settlement Curve  
 
Figure C - 106. LT-8905 Load Settlement Curve – Side Resistance 
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Figure C - 107. LT-8905 Load Settlement Curve – End Bearing 
 
Figure C - 108. LT-8905 Total Load Settlement Curve  
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Figure C - 109. LT-8912-1 Load Settlement Curve – Side Resistance 
 
Figure C - 110. LT-8912-1 Load Settlement Curve – End Bearing 
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Figure C - 111. LT-8912-1 Total Load Settlement Curve 
 
Figure C - 112. LT-8944 Load Settlement Curve – Side Resistance 
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Figure C - 113. LT-8944 Load Settlement Curve – End Bearing 
 
Figure C - 114. LT-8944 Total Load Settlement Curve  
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Figure C - 115. LT-8954-1 Load Settlement Curve – Side Resistance 
 
Figure C - 116. LT-8954-1 Load Settlement Curve – End Bearing 
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Figure C - 117. LT-8954-1 Total Load Settlement Curve  
 
Figure C - 118. LT-8954-2 Load Settlement Curve – Side Resistance 
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Figure C - 119. LT-8954-2 Load Settlement Curve – End Bearing 
 
Figure C - 120. LT-8954-2 Total Load Settlement Curve 
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Figure C - 121. LT-8961-2 Load Settlement Curve – Side Resistance 
 
Figure C - 122. LT-8961-2 Load Settlement Curve – End Bearing 
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Figure C - 123. LT-8961-2 Total Load Settlement Curve  
 
Figure C - 124. LT-8981 Load Settlement Curve – Side Resistance 
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Figure C - 125. LT-8981 Load Settlement Curve – End Bearing 
 
Figure C - 126. LT-8981 Total Load Settlement Curve  
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Figure C - 127. LT-9147 Load Settlement Curve – Side Resistance 
 
Figure C - 128. LT-9147 Load Settlement Curve – End Bearing 
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Figure C - 129. LT-9147 Total Load Settlement Curve 
 
Figure C - 130. LT-9191 Load Settlement Curve – Side Resistance 
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Figure C - 131. LT-9191 Load Settlement Curve – End Bearing 
 
Figure C - 132. LT-9191 Total Load Settlement Curve 
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Figure C - 133. LT-9263 Load Settlement Curve – Side Resistance 
 
Figure C - 134. LT-9263 Load Settlement Curve – End Bearing 
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Figure C - 135. LT-9263 Total Load Settlement Curve 
 
Figure C - 136. LT-9280-1 Load Settlement Curve – Side Resistance 
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Figure C - 137. LT-9280-1 Load Settlement Curve – End Bearing 
 
Figure C - 138. LT-9280-1 Total Load Settlement Curve 
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Figure C - 139. LT-9280-2 Load Settlement Curve – Side Resistance 
 
Figure C - 140. LT-9280-2 Load Settlement Curve – End Bearing 
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Figure C - 141. LT-9280-2 Total Load Settlement Curve 
 
Figure C - 142. LT-9280-3 Load Settlement Curve – Side Resistance 
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Figure C - 143. LT-9280-3 Load Settlement Curve – End Bearing 
 
Figure C - 144. LT-9280-3 Total Load Settlement Curve 
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Figure C - 145. LT-9459-2 Load Settlement Curve – Side Resistance 
 
Figure C - 146. LT-9459-2 Load Settlement Curve – End Bearing 
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Figure C - 147. LT-9459-2 Total Load Settlement Curve 
 
Figure C - 148. LT-9459-3 Load Settlement Curve – Side Resistance 
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Figure C - 149. LT-9459-3 Load Settlement Curve – End Bearing 
 
Figure C - 150. LT-9459-3 Total Load Settlement Curve 
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Figure C - 151. LT-9459-4 Load Settlement Curve – Side Resistance 
 
Figure C - 152. LT-9459-4 Load Settlement Curve – End Bearing 
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Figure C - 153. LT-9459-4 Total Load Settlement Curve 
 
Figure C - 154. LT-9473-1 Load Settlement Curve – Side Resistance 
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Figure C - 155. LT-9473-1 Load Settlement Curve – End Bearing 
 
Figure C - 156. LT-9473-1 Total Load Settlement Curve 
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Figure C - 157. LT-94973-2 Load Settlement Curve – Side Resistance 
 
Figure C - 158. LT-9473-2 Load Settlement Curve – End Bearing 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 500 1000 1500 2000
Se
ttle
me
nt 
(in
)
Side Resistance (tons)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 200 400 600 800
Se
ttle
me
nt 
(in
)
End Bearing (tons)
253 
 
 
Figure C - 159. LT-9473-2 Total Load Settlement Curve 
 
Figure C - 160. LT-9597-1 Load Settlement Curve – Side Resistance 
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Figure C - 161. LT-9597-1 Load Settlement Curve – End Bearing 
 
Figure C - 162. LT-9597-1 Total Load Settlement Curve 
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Figure C - 163. LT-9597-2 Load Settlement Curve – Side Resistance 
 
Figure C - 164. LT-9597-2 Load Settlement Curve – End Bearing 
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Figure C - 165. LT-9597-2 Total Load Settlement Curve 
 
Figure C - 166. LT-9694-1 Load Settlement Curve – Side Resistance 
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Figure C - 167. LT-9694-1 Load Settlement Curve – End Bearing 
 
Figure C - 168. LT-9694-1 Total Load Settlement Curve 
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Figure C - 169. LT-9694-3 Load Settlement Curve – Side Resistance 
 
Figure C - 170. LT-9694-3 Load Settlement Curve – End Bearing 
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Figure C - 171. LT-9694-3 Total Load Settlement Curve 
 
Figure C - 172. LT-9694-4 Load Settlement Curve – Side Resistance 
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Figure C - 173. LT-9694-4 Load Settlement Curve – End Bearing 
 
Figure C - 174. LT-9694-4 Total Load Settlement Curve 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 100 200 300 400 500 600 700
Se
ttle
me
nt 
(in
)
End Bearing (tons)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 200 400 600 800 1000 1200
Se
ttle
me
nt 
(in
)
Total Resistance (tons)
261 
 
 
Figure C - 175. LT-9934-1 Load Settlement Curve – Side Resistance 
 
Figure C - 176. LT-9934-1 Load Settlement Curve – End Bearing 
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Figure C - 177. LT-9934-1 Total Load Settlement Curve 
 
Figure C - 178. LT-9934-3 Load Settlement Curve – Side Resistance 
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Figure C - 179. LT-9934-3 Load Settlement Curve – End Bearing 
 
Figure C - 180. LT-9934-3 Total Load Settlement Curve 
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Figure C - 181. LT-9934-4 Load Settlement Curve – Side Resistance 
 
Figure C - 182. LT-9934-4 Load Settlement Curve – End Bearing 
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Figure C - 183. LT-9934-4 Total Load Settlement Curve 
 
Figure C - 184. LT-9934-5 Load Settlement Curve – Side Resistance 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 200 400 600 800 1000
Se
ttle
me
nt 
(in
)
Total Resistance (tons)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 100 200 300 400
Se
ttle
me
nt 
(in
)
Side Resistance (tons)
266 
 
 
Figure C - 185. LT-9934-5 Load Settlement Curve – End Bearing 
 
Figure C - 186. LT-9934-5 Total Load Settlement Curve 
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Figure C - 187. LT-9938-1 Load Settlement Curve – Side Resistance 
 
Figure C - 188. LT-9938-1 Load Settlement Curve – End Bearing 
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Figure C - 189. LT-9938-1 Total Load Settlement Curve 
 
Figure C - 190. LT-9938-3 Load Settlement Curve – Side Resistance 
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Figure C - 191. LT-9938-3 Load Settlement Curve – End Bearing 
 
Figure C - 192. LT-9938-3 Total Load Settlement Curve 
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Figure C - 193. LT-9950-1 Load Settlement Curve – Side Resistance 
 
Figure C - 194. LT-9950-1 Load Settlement Curve – End Bearing 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 200 400 600 800 1000 1200
Se
ttle
me
nt 
(in
)
Side Resistance (tons)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 200 400 600 800 1000 1200 1400
Se
ttle
me
nt 
(in
)
End Bearing (tons)
271 
 
 
Figure C - 195. LT-9950-1 Total Load Settlement Curve 
 
Figure C - 196. LT-9950-2 Load Settlement Curve – Side Resistance 
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Figure C - 197. LT-9950-2 Load Settlement Curve – End Bearing 
 
Figure C - 198. LT-9950-2 Total Load Settlement Curve 
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APPENDIX D. MEASURED LOAD SETTLEMENT CURVES 
 
Figure D - 1. LT-8193-1 O-Cell Load Settlement Curve 
 
Figure D - 2. LT-8193-1 Total Load Settlement Curve 
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Figure D - 3. LT-8193-2 O-Cell Load Settlement Curve 
 
Figure D - 4. LT-8193-2 Total Load Settlement Curve 
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Figure D - 5. LT-8194 O-Cell Load Settlement Curve 
 
Figure D - 6. LT-8194 Total Load Settlement Curve 
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Figure D - 7. LT-8212 O-Cell Load Settlement Curve 
 
Figure D - 8. LT-8212 Total Load Settlement Curve 
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Figure D - 9. LT-8341 O-Cell Load Settlement Curve 
 
Figure D - 10. LT-8341 Total Load Settlement Curve 
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Figure D - 11. LT-8371-1 O-Cell Load Settlement Curve 
 
Figure D - 12. LT-8371-1 Total Load Settlement Curve 
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Figure D - 13. LT-8371-2 O-Cell Load Settlement Curve 
 
Figure D - 14. LT-8371-2 Total Load Settlement Curve 
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Figure D - 15. LT-8373 O-Cell Load Settlement Curve 
 
Figure D - 16. LT-8373 Total Load Settlement Curve 
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Figure D - 17. LT-8412-1 O-Cell Load Settlement Curve 
 
Figure D - 18. LT-8412-1 Total Load Settlement Curve 
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Figure D - 19. LT-8412-2 O-Cell Load Settlement Curve 
 
Figure D - 20. LT-8412-2 Total Load Settlement Curve 
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Figure D - 21. LT-8461-1 O-Cell Load Settlement Curve 
 
Figure D - 22. LT-8461-1 Total Load Settlement Curve 
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Figure D - 23. LT-8461-2 O-Cell Load Settlement Curve 
 
Figure D - 24. LT-8461-2 Total Load Settlement Curve 
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Figure D - 25. LT-8467 O-Cell Load Settlement Curve 
 
Figure D - 26. LT-8467 Total Load Settlement Curve 
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Figure D - 27. LT-8470 O-Cell Load Settlement Curve 
 
Figure D - 28. LT-8470 Total Load Settlement Curve 
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Figure D - 29. LT-8487 O-Cell Load Settlement Curve 
 
Figure D - 30. LT-8487 Total Load Settlement Curve 
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Figure D - 31. LT-8488-1 O-Cell Load Settlement Curve 
 
Figure D - 32. LT-8488-1 Total Load Settlement Curve 
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Figure D - 33. LT-8488-2 O-Cell Load Settlement Curve 
 
Figure D - 34. LT-8488-2 Total Load Settlement Curve 
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Figure D - 35. LT-8578 O-Cell Load Settlement Curve 
 
Figure D - 36. LT-8578 Total Load Settlement Curve 
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Figure D - 37. LT-8618 O-Cell Load Settlement Curve 
 
Figure D - 38. LT-8618 Total Load Settlement Curve 
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Figure D - 39. LT-8655 O-Cell Load Settlement Curve 
 
Figure D - 40. LT-8655 Total Load Settlement Curve 
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Figure D - 41. LT-8745 O-Cell Load Settlement Curve 
 
Figure D - 42. LT-8745 Total Load Settlement Curve 
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Figure D - 43. LT-8786 O-Cell Load Settlement Curve 
 
Figure D - 44. LT-8786 Total Load Settlement Curve 
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
4.0
5.0
0 200 400 600 800 1000
Se
ttle
me
nt 
(in
)
Net Load (tons)
0.0
1.0
2.0
3.0
4.0
5.0
0 250 500 750 1000 1250 1500
Se
ttle
me
nt 
(in
)
Equivalent Top Load (tons)
295 
 
 
Figure D - 45. LT-8788 O-Cell Load Settlement Curve 
 
Figure D - 46. LT-8788 Total Load Settlement Curve 
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Figure D - 47. LT-8800-1 O-Cell Load Settlement Curve 
 
Figure D - 48. LT-8800-1 Total Load Settlement Curve 
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Figure D - 49. LT-8800-2 O-Cell Load Settlement Curve 
 
Figure D - 50. LT-8800-2 Total Load Settlement Curve 
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Figure D - 51. LT-8800-3 O-Cell Load Settlement Curve 
 
Figure D - 52. LT-8800-3 Total Load Settlement Curve 
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Figure D - 53. LT-8800-4 O-Cell Load Settlement Curve 
 
Figure D - 54. LT-8800-4 Total Load Settlement Curve 
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Figure D - 55. LT-8800-5 O-Cell Load Settlement Curve 
 
Figure D - 56. LT-8800-5 Total Load Settlement Curve 
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Figure D - 57. LT-8800-6 O-Cell Load Settlement Curve 
 
Figure D - 58. LT-8800-6 Total Load Settlement Curve 
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Figure D - 59. LT-8800-7 O-Cell Load Settlement Curve 
 
Figure D - 60. LT-8800-7 Total Load Settlement Curve 
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Figure D - 61. LT-8800-8 O-Cell Load Settlement Curve 
 
Figure D - 62. LT-8800-8 Total Load Settlement Curve 
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Figure D - 63. LT-8825 O-Cell Load Settlement Curve 
 
Figure D - 64. LT-8825 Total Load Settlement Curve 
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Figure D - 65. LT-8829-1 O-Cell Load Settlement Curve 
 
Figure D - 66. LT-8829-1 Total Load Settlement Curve 
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Figure D - 67. LT-8829-3 O-Cell Load Settlement Curve 
 
Figure D - 68. LT-8829-4 O-Cell Load Settlement Curve 
-6.0
-5.0
-4.0
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
0 50 100 150 200 250 300 350
Se
ttle
me
nt 
(in
)
Net Load (tons)
-6.0
-5.0
-4.0
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
4.0
0 100 200 300 400
Se
ttle
me
nt 
(in
)
Net Load (tons)
307 
 
 
Figure D - 69. LT-8905 O-Cell Load Settlement Curve 
 
Figure D - 70. LT-8905 Total Load Settlement Curve 
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Figure D - 71. LT-8912-1 O-Cell Load Settlement Curve 
 
Figure D - 72. LT-8912-1 Total Load Settlement Curve 
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Figure D - 73. LT-8944 O-Cell Load Settlement Curve 
 
Figure D - 74. LT-8944 Total Load Settlement Curve 
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Figure D - 75. LT-8954-1 O-Cell Load Settlement Curve 
 
Figure D - 76. LT-8954-1 Total Load Settlement Curve 
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Figure D - 77. LT-8954-2 O-Cell Load Settlement Curve 
 
Figure D - 78. LT-8954-2 Total Load Settlement Curve 
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Figure D - 79. LT-8961-2 O-Cell Load Settlement Curve 
 
Figure D - 80. LT-8961-2 Total Load Settlement Curve 
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Figure D - 81. LT-8981 O-Cell Load Settlement Curve 
 
Figure D - 82. LT-8981 Total Load Settlement Curve 
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Figure D - 83. LT-9147 O-Cell Load Settlement Curve 
 
Figure D - 84. LT-9147 Total Load Settlement Curve 
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Figure D - 85. LT-9191 O-Cell Load Settlement Curve 
 
Figure D - 86. LT-9191 Total Load Settlement Curve 
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Figure D - 87. LT-9263 O-Cell Load Settlement Curve 
 
Figure D - 88. LT-9263 Total Load Settlement Curve 
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Figure D - 89. LT-9280-1 O-Cell Load Settlement Curve 
 
Figure D - 90. LT-9280-1 Total Load Settlement Curve 
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Figure D - 91. LT-9280-2 O-Cell Load Settlement Curve 
 
Figure D - 92. LT-9280-2 Total Load Settlement Curve 
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Figure D - 93. LT-9280-3 O-Cell Load Settlement Curve 
 
Figure D - 94. LT-9280-3 Total Load Settlement Curve 
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Figure D - 95. LT-9459-2 O-Cell Load Settlement Curve 
 
Figure D - 96. LT-9459-2 Total Load Settlement Curve 
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Figure D - 97. LT-9459-3 O-Cell Load Settlement Curve 
 
Figure D - 98. LT-9459-3 Total Load Settlement Curve 
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Figure D - 99. LT-9459-4 O-Cell Load Settlement Curve 
 
Figure D - 100. LT-9459-4 Total Load Settlement Curve 
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Figure D - 101. LT-9473-1 O-Cell Load Settlement Curve 
 
Figure D - 102. LT-9473-1 Total Load Settlement Curve 
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Figure D - 103. LT-9473-2 O-Cell Load Settlement Curve 
 
Figure D - 104. LT-9473-2 Total Load Settlement Curve 
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Figure D - 105. LT-9597-1 O-Cell Load Settlement Curve 
 
Figure D - 106. LT-9597-1 Total Load Settlement Curve 
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Figure D - 107. LT-9597-2 O-Cell Load Settlement Curve 
 
Figure D - 108. LT-9597-2 Total Load Settlement Curve 
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Figure D - 109. LT-9694-1 O-Cell Load Settlement Curve 
 
Figure D - 110. LT-9694-1 Total Load Settlement Curve 
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Figure D - 111. LT-9694-3 O-Cell Load Settlement Curve 
 
Figure D - 112. LT-9694-3 Total Load Settlement Curve 
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Figure D - 113. LT-9694-4 O-Cell Load Settlement Curve 
 
Figure D - 114. LT-9694-4 Total Load Settlement Curve 
-1.0
0.0
1.0
2.0
3.0
4.0
5.0
0 200 400 600 800 1000
Se
ttle
me
nt 
(in
)
Net Load (tons)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0 500 1000 1500 2000 2500
Se
ttle
me
nt 
(in
)
Equivalent Top Load (tons)
330 
 
 
Figure D - 115. LT-9934-1 O-Cell Load Settlement Curve 
 
Figure D - 116. LT-9934-1 Total Load Settlement Curve 
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0 100 200 300 400 500 600
Se
ttle
me
nt 
(in
)
Net Load (tons)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0 200 400 600 800 1000 1200
Se
ttle
me
nt 
(in
)
Equivalent Top Load (tons)
331 
 
 
Figure D - 117. LT-9934-3 O-Cell Load Settlement Curve 
 
Figure D - 118. LT-9934-3 Total Load Settlement Curve 
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Figure D - 119. LT-9934-4 O-Cell Load Settlement Curve 
 
Figure D - 120. LT-9934-4 Total Load Settlement Curve 
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Figure D - 121. LT-9934-5 O-Cell Load Settlement Curve 
 
Figure D - 122. LT-9934-5 Total Load Settlement Curve 
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Figure D - 123. LT-9938-1 O-Cell Load Settlement Curve 
 
Figure D - 124. LT-9938-1 Total Load Settlement Curve 
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Figure D - 125. LT-9938-3 O-Cell Load Settlement Curve 
 
Figure D - 126. LT-9938-3 Total Load Settlement Curve 
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Figure D - 127. LT-9950-1 O-Cell Load Settlement Curve 
 
Figure D - 128. LT-9950-1 Total Load Settlement Curve 
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Figure D - 129. LT-9950-2 O-Cell Load Settlement Curve 
 
Figure D - 130. LT-9950-2 Total Load Settlement Curve 
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